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Environmental regulations on diesel automobiles have promoted the development of 
exhaust after-treatment technologies that can abate Nitrogen Oxides (NOx) i.e. Ammonia 
Selective Catalytic Reduction (NH3-SCR). Recently, the Cu-exchanged SSZ-13 (Cu-SSZ-
13) zeolite catalyst has been commercialized due to its efficient reduction of NOx and 
superior hydrothermal stability in light and heavy-duty diesel vehicles. Nevertheless, a 
fundamental understanding of this catalyst and the NH3-SCR reaction mechanism are still 
under debate. In this work, kinetic and characterization studies were performed to gain 
insight of the active sites on Cu-SSZ-13 and contribute to the understanding of NH3-SCR 
mechanism. Additionally, hydrothermal stability studies were carried out on small pore 
zeolites i.e. SSZ-13, SSZ-39 and RTH, to evaluate potential catalysts for the reduction of 
NOx using NH3-SCR. 
 
NH3-SCR kinetic measurements at 473 K taken on Cu-exchanged SSZ-13 Si/Al = 15 
samples, with copper varying from Cu/Al = 0.02 to Cu/Al= 0.44, revealed two distinct 
active sites that can populate SSZ-13 as a function of the zeolite composition.  A previous 
study done by our group [1] identified isolated Cu2+ as the active species for NH3-SCR  for 
SSZ-13 Si/Al = 4.5. Similarly, it was predicted that for an SSZ-13 Si/Al = 15 the maximum 
amount of active sites would be found in a sample with Cu/Al = 0.09. However, the linear 
correlation between the SCR rates and the Cu loadings up to Cu/Al = 0.44 found in this 




Ex-situ UV-Vis spectroscopy was used to show that both species are indistinguishable 
under ambient conditions, displaying a unique absorption band assigned to the hydrated 
Cu2+ configuration. Further chemical and spectroscopic characterization demonstrated that 
the [Cu-OH]+ species, associated with 1 Al sites, can be exchanged in SSZ-13 once the 
isolated Cu2+ species saturate the 6-membered ring (6MR). Additionally, kinetic 
parameters presented in this contribution suggest that both sites undergo a similar redox 
reaction mechanism, which depending on the zeolite composition and gas conditions can 
be limited by either the oxidation or reduction half-cycle.  
 
[Cu-OH]+ species interact after O2 activation to produce static dimers that were able to 
oxidize NO to NO2 under dry conditions at 573 K. Dimer species were quantified using 
CO-TPR, and the fraction of Cu titrated by CO correlates linearly with the dry NO 
oxidation rate per mol of Cu at 573 K. To elucidate the structure of Cu dimers after O2 
activation in-situ UV-Vis spectroscopy was used. Four absorption bands in the d-d 
transition (11 200 cm-1, 13 900 cm-1, 16 500 cm-1 and 19 700 cm-1), were observed after O2 
activation for samples with [Cu-OH]+ species exchanged in SSZ-13 framework. By 
synthesis methods and in situ UV-Vis methods, the bands at 11 200 cm-1, 13 600 cm-1 were 
tentatively assigned to be a characteristic signature of [Cu-OH]+ species. Ab initio 
Molecular Dynamic Simulation (AIMD) confirmed the assignments and predicted two d-
d transition bands for SSZ-13 containing only [Cu-OH]+ under thermal conditions. Using 
the enzyme literature, bands center at 19 700 and 27 300 cm-1 were assigned to belong a 
(µ-ƞ2: ƞ2-peroxo) – dicopper, further confirmed by the absence of the peak at 19 700 cm-1 
in a highly Al disperse zeolite where the formation of Cu dimers was restricted. 
 
Hydrothermal stability of small pore zeolites was also explored. It was found 
dimensionality of the pore system in the zeolite would influence the catalytic performance 
of small pore zeolites. By using a step-wise approach, the impact of the steaming process 
and SCR gasses was deconvoluted to explain the zeolite deactivation. It was observed that 
the steaming process hydrolyze the residual Brønsted acid sites to produce Extra 
Framework Al (EFAl) species. This species could further interact with Cu active sites that 
xvii 
 
are mobilized by the influence of NH3-SCR at 473 K. The reduction in the catalytic activity 
was assigned to occurred because the formation of inactive CuAlxOy phase after the 








CHAPTER 1. INTRODUCTION 
Nitrogen oxides (NOx) are pollutants gasses generated by the combustion of fossil fuel in 
automobiles engines. Thus, the appropriate control of NOx emission is crucial to prevent 
the formation of tropospheric ozone and acid rain [2]. Although combustion technologies 
have been used to reduce the NOx emissions in diesel engines, stringier environmental 
regulations in USA and Europe have forced the development of after-combustions systems 
[3]. Heterogeneous catalysis has been a central component of these after-combustion 
technologies. Specifically, in gasoline engines a Three-way Catalyst (TWC) system has 
been successfully implemented to reduce NOx using unburnt hydrocarbons (HCs) and CO 
[4]. However, TWC performance is diminished under an oxygen-rich environment of 
diesel engine. Therefore, in 1957 Ammonia Selective Catalytic Reduction (NH3-SCR) was 
introduced as a technology that selectively reduce NOx using ammonia (NH3) under lean-
burn conditions [4], according to the reaction 1.1 defines as standard SCR. By introducing 
an equal molar ratio of NO:NO2 the reaction rate of standard SCR increases [5], according 
to the so-call fast-SCR reaction 1.2.  
 
4    + 4   +    → 4   + 6                                        1.1 
 
4    + 2   + 2    → 4   + 6                                       1.2 
 
One of the first generation of NH3-SCR catalyst used for stationary and mobile application 
was vanadium/titanium oxides (V2O5/WO3-TiO2). Although these catalysts display an 
excellent catalytic reduction of NOx in a particular temperature range, technical drawbacks 
such as toxicity of catalyst species, poor selectivity and low stability at high temperatures, 
have prevented them to be entirely commercialized for mobile application [3][4]. 
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On the other hand, Cu-exchange zeolites have shown to be a very efficient and stable 
catalyst to reduce NOx [6]. Initially, over-exchanged MFI zeolites were used to 
decomposed NO [7]. However, the catalytic activity was inhibited by the presence of O2 
and H2O, making the catalyst unfeasible for commercial applications [8] [9]. After that, 
investigation on Cu-exchanged Y, BEA and ZSM-5 zeolites revealed the high activity of 
this catalyst to reduce NOx via NH3-SCR [3]. Technical disadvantages of these zeolites are 
related with the low hydrothermal stability and hydrocarbon deactivation of the catalysts 
under real engine conditions [10]. In this regard, further investigation lead to the synthesis 
of hydrothermal stable, with Chabazite (CHA) structure, catalyst namely, SAPO-34 [11] 
and SSZ-13 [12]. Although both structures were commercialized, because their outstanding 
activity to reduce NOx via NH3-SCR, active research is still being done to gain insight into 
fundamental understanding on active sites, hydrothermal stability and NH3-SCR reaction 
mechanism. 
 
SSZ-13 is aluminosilicate zeolite with a Chabazite structure, which is composed of the 
stacking sequence of six-membered ring according to the ABC-6 family of zeolites[13]. 
The Chabazite structure is characterized by two building units, the double six-membered 
ring and the cha cage, which provide a 3-dimensional system of small pores with eight-
membered ring (8MR) windows (3.8 X 3.8 Å). The high hydrothermal stability and activity 
of the SSZ-13 to reduce NOx in diesel engine has been assigned to the small pores of the 
structure, since it prevents the collapse of the framework while selectively inhibits the 
diffusion of hydrocarbons that deactivate the active sites [10][14][15].  
 
It has been argued in the SCR literature that active centers for the reduction of NOx are Cu 
ions located in either the six-membered ring (6MR) or eight-membered ring (8MR) of the 
SSZ-13 zeolite. Fickel et al.[16], using XRD techniques, suggested the cage outside the 
6MR as the location of the Cu2+. Likewise, in a complementary work done by Korhonen 
et al. [17], confirmed the Cu2+ location at the 6MR and proposed these species as the active 
sites for NH3-SCR. Further theoretical and experimental study presented by Deka et al. 
[18], support this theory. They concluded that mononuclear Cu2+ species were present 
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during dry NH3-SCR conditions at 573 K and located in the 6MR. Moreover, they proposed 
mononuclear Cu2+ as the active species. Although the contributions were significant in the 
identification of Cu species in SSZ-13 zeolite, kinetic studies need to be performed to 
correlate the NH3-SCR catalytic activity with the Cu species found during reaction 
conditions. To fill the gap, McEwen et al. [19] and Kispersky et al. [20] studied the 
oxidation state of Cu on SSZ-13 under NH3-SCR operation conditions using XAS and DFT 
calculations. They found a mix of Cu+ and Cu2+ under standard NH3-SCR conditions and 
suggested a redox behavior in the catalytic activity of Cu-SSZ-13, SAPO-34, and ZSM-5. 
Nevertheless, Cu active species and their location under reaction conditions were not found. 
In a comprehensive study, Shane et al.[1], using kinetics, UV-Vis-NIR and XAS under 
operando conditions identified isolated Cu2+ as the active site for standard NH3-SCR at 
473 K. Although they studied a series of SSZ-13 samples with Si/Al = 4.5 ratio, they 
proposed a statistical model to predict the maximum amount of active sites, located in the 
6MR, for another SSZ-13 zeolite with different Si/Al ratios.  
 
However, consensus has not been reached on the subject of active species and their location 
on SSZ-13 zeolite. Kwak et al.[21] suggested two different locations for Cu2+ ions namely, 
the 6MR and the 8MR, on the basis of H2-TPR and FTIR experiments. In a followed-up 
study, Gao et al.[22] proposed two different active sites in Cu-SSZ-13 Si/Al = 6, which 
depend on the Cu loading and NH3-SCR reaction temperature. Transient dimers were 
suggested as the active sites at low Cu loading and temperatures, on the basis of their low 
redox barrier and kinetics parameters found in their study. However, when the temperature 
and the Cu loading was increased they postulated monomeric Cu2+ species become actives 
sites that could be located in the 6MR or 8MR as suggested by Kwak et al. [21]. More 
recently, Borfecchia et al.[23] stress the idea of at least two different Cu+2 species on SSZ-
13.  They found that under synthetic conditions [Cu-OH]+ ions located in the 8MR, were 
the dominant Cu fraction in SSZ-13 Si/Al = 12 Cu/Al = 0.44 sample. However, it was not 
ruled out the presence of small fraction of isolated Cu2+ in the 6MR of the SSZ-13. 
Godiksen et al. [24] took a step forward and proposed seven different Cu sites exchanged 
in SSZ-13 Si/Al = 14 Cu/Al = 0.44, using EPR spectroscopy under hydrated and 
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dehydrated conditions. They quantified that at least 50 % of the Cu fraction was exchanged 
as [Cu-OH]+ ions, 20 % as isolated Cu2+ in the 6MR and the remaining fraction to was 
assigned to Cu dimers and Cu exchanged in Extra Framework Al (EFAl).  
 
The complexity of the chemistry involved in the NH3-SCR reaction is more evident when 
proposed reaction mechanisms are analyzed. Initially, it was suggested that the oxidation 
of NO to NO2 was the rate limiting step of the NH3-SCR reaction [25]. However, it was 
demonstrated in literature [9] and in this work, that NO oxidation rates at dry conditions 
do not correlate with the reactions rates of NO consumption at standard NH3-SCR 
conditions. In fact, Gao et al. [26] proposed a series of reaction pathways that directly 
activate NO and do not include the oxidation of NO to NO2 during standard NH3-SCR. 
According to their mechanism, Cu2+ is reduced by the action of NO and NH3 producing 
Cu+ and NH4NO2 intermediate. This unstable intermediate is later decomposed into H2O 
and N2. The oxidation step of Cu is proposed to occur by the action of O2.  An alternative 
mechanism for standard NH3-SCR was proposed by Kwak et al. [27]. In this mechanism, 
Cu2+ is reduced by the sole action of NO to produce a HONO intermediate, that can react 
with NH3 to produce NH4NO2 which is further decompose into H2O and N2. Using a similar 
mechanism, Gao et al. [22] proposed reaction pathways catalyzed by [Cu-OH]+ active sites. 
Once more, [Cu-OH]+ is reduced by NO to produce Cu+ and HNO2. Then, NH3 reacts with 
HNO2 to produce NH4NO2, which decompose into H2O and N2. The aforementioned 
mechanisms were proposed based on spectroscopy techniques under artificial conditions 
which may not represent the actual reaction steps that take place at NH3-SCR conditions. 
In order to address this issue, Paolucci et al. [28], proposed a reaction mechanism based on 
operando XAS spectroscopy and DFT calculations, shown in figure 1.1. In this work, it 
was demonstrated that NO and NH3 are required to reduce Cu2+ to Cu+ while producing a 














It is proposed that this intermediate can be decomposed into H2O and N2 via proton transfer. 
Using cutoff experiments, they demonstrated that the oxidation half of the redox cycle 
should involve NO and O2. Although it was not clarified what could be the active center 
for the oxidation of Cu+ to Cu2+, they proposed that NO2, formed during the oxidation step, 
can interact with NH4+ ions to produce an ammonium nitrite-like compound readily 
decomposed to N2 and H2O. More recently, Janssens et al. [29] suggested a redox cycle 
that coupled standard and fast SCR reactions by the addition of NO2 generated during the 
oxidation half-cycle. According to them, NO2 is produced by the interaction of NO and a 
nitrate species (NO3-) adsorbed on Cu2+, as shown in figure 1.2. The produced NO2 can 
further oxidize a single Cu+ site producing a nitrite adsorbed on Cu2+, which can further 
interact with NH3 to produce N2 and H2O. Although they suggested similar steps than 
Paoulucci et al.[28] to describe the reduction half-cycle, they proposed the oxidation step 
to happen in single Cu+ ions. 





















Figure 1-2 SCR reaction mechanism for Cu zeolite proposed by Janssens et al. [29] 
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CHAPTER 2. UNDERSTANDING SELECTIVE CATALYTIC REDUCTION OF NOX 
ON CU-ZEOLITES: KINETIC STUDIES ON CU-SSZ-13 
2.1 Abstract 
Kinetic studies on a series of Cu-SSZ-13 Si/Al = 15 samples with diverse Cu loading, from 
Cu/Al = 0.02 to Cu/Al = 0.44, were carried out to identified the active sites for standard 
Selective Catalytic Reduction (SCR) at 473 K. Kinetic results provide strong evidence for 
two catalytic sites, according to the speciation model previously proposed in the group. 
Both sides with the same reaction rates per mol of Cu and similar apparent reaction orders. 
Further spectroscopy and chemical characterization methods corroborate that two active 
Cu species can populate SSZ-13 zeolites, namely, isolated Cu2+ stabilize with two Al atoms 
and [Cu-OH]+ stabilize with one Al atom. The results in this contribution provide 
complementary information to the speciation model previously presented.  Cu species 
charge compensated by two Al are exchanged first in the six-membered ring (6MR) of 
SSZ-13, once the 6MR is saturated, Cu sites stabilized by one Al will be located possibly 
in the CHA cage of SSZ-13. Thus, it is shown that the model depends on the bulk chemical 
composition of the SSZ-13. Two kinetics regimes were identified at standard NH3-SCR 
conditions at 473 K in Cu-SSZ-13. The first regime is evident in samples with low Cu 
loading, which reaction rates are correlated with the square amount of Cu and limited by 
the oxidation half of the redox cycle, provided the apparent reaction orders and the fraction 
of Cu+ present at reaction conditions. The second regime is characterized by a linear 
dependency between the Cu and the reaction rate per gram of Cu, where the reduction half 
of the cycle is the rate determining step. However, experiments on non-Standard SCR 
conditions suggested that these kinetics regimes could collapse into one unique regime. 
Finally, the square dependence of Cu with the NH3-SCR reaction rates, for samples at low 
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Cu loading, offers an additional evidence of the involvement of dimeric Cu species as the 
active center for the oxidation half-cycle. 
2.2 Introduction  
Heterogeneous catalysis has played a crucial role in the abatement of NOx pollutants 
especially in diesel engines, which are responsible for nearly 70% of the emissions from 
both stationary and mobile sources [2]. Environmental regulation in the last decades, figure 
2.1, has challenged the combustion controls and has led to the use of heterogeneous 
catalysis technologies as a post-combustion solution to the problem. Selective Catalytic 
Reduction (SCR) was introduced as a technique that uses a reducing agent to convert NOx 
into N2 in a selective fashion in an oxidation environment, such as a diesel engine [4]. Ever 
since, researchers in academia and the engine industry have tested different kinds of 
reducing agents, namely: H2, hydrocarbon, NH3, and Urea. Also, various support catalysts 
and transition metal ions have been tested in to meet the aforementioned new guidelines 
[3]. However, when those technologies have been used in mobile sources technical 
drawbacks have been encountered, specifically poor conversion, catalyst poisoning, safety 
issues, production of more contaminants and practical design concerns, [6]. Alternatively, 
attention has been attracted to the use of zeolites because of its higher hydrothermal 
stability, its selectivity to convert NOx into N2 and its performance under operational 
conditions [3][5][30]. In particular, Ammonia Selective Catalytic Reduction (NH3-SCR) 
has been widely studied using metal-exchanged zeolites such us Y, Beta, ZSM-5, MOR 
and small pore Chabazite (CHA) structures, SSZ-13 and SAPO 34 [31]. Most recently, Cu-
exchanged SSZ-13 and SAPO-34 have been commercialized for mobile application 
[12][32], given their high hydrothermal stability and good performance in the reduction of 
NOx using NH3-SCR technology [10], [14], [15], [33], [34]. In spite of the commercial use 
of SSZ-13 zeolite, fundamental understanding of the active sites, reaction mechanism, and 
interaction with diesel engine environment are still under investigation, mainly at low 
temperature conditions where improvements are most needed [35].  
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After SSZ-13 zeolite was patented by Chevron in 1985 [36], multiple efforts in academia 
and industry have been made to understand the fundamental chemistry behind this structure. 
Fickel et al. [16] were one of the first to study Cu-SSZ-13 active sites and their location. 
They used XRD Rietveld refinement at different temperatures to measure the stability of 
Cu-SSZ-13 Si/Al = 12 and the location of the copper within the zeolite. It was concluded 
that Cu-SSZ-13 was more stable than the H-form of the zeolite, besides the Cu2+ were 
assigned to be located in the six-membered ring (6MR). In a consecutive work, Korhonen, 
et al. [17], using in situ UV-Vis spectroscopy, ex situ XAFS and kinetics studies in Cu-
SSZ-13 Si/Al = 9, proposed isolated monomeric Cu2+ species to be the active site for NH3-
SCR. Cu2+ location was confirmed to be in the 6MR coordinated with four oxygens with 
an average distance of 2.02 Å. Additionally, Deka et al. [18], confirmed Cu2+ in the 6MR 
as an active species for NH3-SCR. In this work Cu-SSZ-13 Si/Al = 14 was tested using in 
situ XASF/XRD and kinetics data. They highlighted the importance of the local 
environment for SCR activity. According to their XASF results interpretation, the change 
in conformational geometry of Cu2+ is due to the bound of NH3 to Cu2+ in the 6MR at 398 
K, which they correlated with lower catalytic activity. 
 
 
Figure 2-1 NOx trends in the USA (left) [130] and Europe (right) [64] 
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Although new knowledge was gained from in situ, ex situ, and kinetics experiments, more 
structure-activity details and operando techniques were proposed to support new 
hypotheses. Notably, McEwen et al. [19] studied Cu-SSZ-13 Si/Al = 18 using operando 
X-ray absorption spectroscopy (XAS) and Density Functional Theory (DFT). From the 
experimental results, they discovered a mix of Cu+ and Cu2+ under NH3-SCR conditions, 
which did not correlate with the reaction rates observed suggesting a redox role in the 
catalytic activity of Cu-SSZ-13. The computational results support the experimental 
outcomes regarding the oxidation state mixture and found that 4-fold coordinated Cu2+ and 
2-fold coordinated Cu+ were the most energetically stable species. In a followed-up study, 
Kispersky et al. [20] demonstrated the same oxidation state mixture of Cu under standard 
NH3-SCR conditions for SSZ-13, SAPO-34 and ZSM-5. Once again, the lack of correlation 
between copper species concentration and reaction rates was assigned to a redox 
mechanism involved in NH3-SCR. More recently, Shane et al. [1] identified the active sites 
of Cu-SSZ-13 Si/Al = 4.5 catalysts using operando XAS, ex situ UV-Vis and DFT 
calculations under standard NH3-SRC at 473 K. They found a linear correlation between 
the isolate Cu2+ species and the SCR reaction rate per gram. Moreover, they used DFT 
calculations to confirm the 6MR as the most energetically stable site for Cu2+ during 
standard NH3-SCR. Finally, they extrapolated the results and proposed a relationship 
between the maximum amount of isolated Cu2+ exchanged in the 6MR and Si/Al ratios for 
SSZ-13 zeolite.  
Therefore, contributions to higher levels of detail and rigor support the hypothesis that the 
reduction of NOx via NH3-SCR on SSZ-13 was a redox reaction with Cu2+ in the 6MR as 
the active site.  However, a consensus has not been reached in this regard, even more, some; 
studies have cast doubt on a unique active site in a single location. For instance, Kwak et 
al. [21] concluded that there are two different Cu2+ species in Cu-SSZ-13 Si/Al = 6 sample, 
and their locations would be functions of the Cu exchange levels. While for low Cu loading 
samples, Cu2+ would be located in the 6MR, high Cu-loading samples exchange a more 
reducible Cu2+ species, situated in the large CHA cage. In contrast, Guo et al. [37] correlate 
the location of the Cu ion with the ion-exchanged method used to introduce the Cu in the 
framework by using in situ Raman spectroscopy, H2-TPR and FTIR. The samples 
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synthesized using aqueous-phase exchange show Cu ions were located in the 6MR ring 
and large cages, while the one-pot method distributes the Cu ions in the large cages. 
Additionally, they found the formation of Cu dimer after calcination of SSZ-13, Cu-O-Cu 
dimer for the samples that used both Cu-exchange methods and bis-μ-oxo dicopper (III) 
only for the samples that were Cu-exchanged by the one-pot method.  
More recently, [Cu-OH]+ species have been identified in the 8MR in SSZ-13 zeolite. For 
example, Gao et al. [38] performed structure-activity studies on various Cu-exchange SSZ-
13. They concluded that samples between Cu/Al = 0.2 and Cu/Al = 0.4 would have Cu2+ 
ions located in the CHA cage while samples with Cu/Al > 0.4 exhibit Cu species readily 
reducible, which they speculated to be dimers on the basis of EPR results. Since their NH3-
SCR kinetics measurements were affected by diffusion limitation of the reactants, they 
could not relate the concentration of those species with NH3-SCR rates. However, they did 
assign those species to participate in the non-selective NH3 oxidation reaction. From the 
same group, Zang et al. [39], employing FTIR, were able to identify NO chemisorbed peaks 
that according to their DTF calculation were assigned to [Cu-OH]+ located in the 8MR. 
They used three different SSZ-13 samples Si/Al = 6, 12 and 35, in a fully dehydrated 
vacuum environment. Further evidence regarding the [Cu-OH]+ structure was provided by  
Borfecchia et al. [23]. They combined FTIR, XAS and XES spectroscopy with DFT 
calculations to conclude that [Cu-OH]+ is located in the 8MR within SSZ-13 zeolite. In 
their contribution, Copper species were quantified on the 6MR and 8MR as a function of 
gas conditions and temperature. Specifically, during O2 activation at 673 K, a tri-
coordinated [Cu-OH]+ species were found in the 8MR, which according to them overcame 
the small contribution of isolated Cu2+ in the 6MR. On the contrary, in the case of He-
activated samples at 673 K, a bi-coordinated Cu+ was the dominant species located in the 
8MR. In the same way, Godiksen et al. [24], identified and quantified Cu species in SSZ-
13 Si/Al = 14 Cu/Al = 0.44 sample, by using EPR spectroscopy under different dehydration 
and hydration conditions. They found that at least 50 % of the Cu in this sample was [Cu-
OH]+ charge-compensated with 1 Al site. The additional fraction of Cu was assigned to 
isolated Cu2+ located in the 6MR (20 %) and Cu dimers which they classified to be reactive 
to water (~12 %) and noncrystalline polynuclear Copper oxide clusters (~13 %). The 
12 
 
remaining Cu fraction was assigned to be Cu species exchanged in extra-framework Al 
(EFAl) and a small portion of Cu that has tetragonal-coordination.  
Taking into account the current understanding of the Cu speciation and reaction kinetics, 
two primary redox mechanisms have been proposed to explain NH3-SCR on Cu-SSZ-13. 
First, Paolucci et al.[28] demonstrated that the reduction of Cu2+ to Cu+ was made by NH3 
in conjunction with NO, producing a proximal Brønsted acid site, N2 and H2O. They proved 
that the oxidation of Cu+ to Cu2+ has to be done with both NO and O2, although it was not 
clearly defined the intermediate species where this step is completed.  They proposed, that 
the oxidation part of the cycle occurs when NH3 binds to the Brønsted acid site to form 
NH4+, where NO and O2 further attach to produce NO2. The production of NO2 eventually 
oxidizes Cu+ back to Cu2+, while N2 and H2O are produced once more. Janssens et al. [29] 
proposed a similar mechanism however, they suggested that the oxidation of Cu+ to Cu2+ 
could be achieved in a single Cu ion, ruling out the necessity of a Brønsted acid site or the 
formation of a dimer species. They coupled the standard SCR mechanism with the fast 
SCR mechanism by the addition of NO2 molecules formed, according to their model, after 
the interaction of NO with a nitrate species (NO3-). Although these proposed redox models 
are of remarkable importance to elucidate a conclusive mechanism for NH3-SCR, kinetics 
measurements are of singular importance to describe the catalytic performance of the active 
sites and reconcile the proposed mechanism steps with the NH3-SCR kinetics parameters. 
Kinetic measurements have been used in other zeolites to describe the active sites and 
proposed detailed steps for the NH3-SCR [25], [40]–[42]. Specifically in SSZ-13, kinetics 
studies have been used to elucidate active sites for NH3-SCR [1] and other oxidation 
reactions [38][43][44]. In this contribution, kinetics measurements are used as the most 
important technique to investigate active Cu species in Cu-SSZ-13 Si/Al = 15 samples, 
with different Cu loading. The principal motivation for this study was to elucidate the 
nature of Cu species, active sites and corroborate the mechanism and hypotheses proposed 
within the group [1][28]. Carefully control the samples synthesis, Cu exchange parameters 
and NH3-SCR kinetics data under differential conditions were among the methodologies 
used. The results of this work motivate a comprehensive spectroscopic and theoretical work 
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that was consolidated in our most recent publication regarding Cu speciation in Cu-SSZ-
13 [45].  We showed that two Cu2+ species can populate SSZ-13 framework, isolated Cu2+ 
and [Cu-OH]+, which were found to be equally active for standard NH3-SCR at 473 K.  We 
demonstrated that the Cu species found in SSZ-13 depends on the concentration ratio 
between Si and Al and the amount of Cu exchange. Finally, a mechanism was proposed, 
and it is discussed in this work to explained the kinetics regime found in Cu-SSZ-13 Si/Al 
= 15 under standard NH3-SCR. 
2.3 Experimental Methods  
2.3.1 Synthesis and Characterization  
Synthesis of the Chabazite (CHA) structure SSZ-13 was done by following the procedure 
established by the group which was originally published by  Fickel et al. [14]. The detailed 
synthesis method for the samples used in this study is described elsewhere [45]. It was 
avoided the use of NaOH in the original synthesis method to synthesize samples with one 
Al per cell. Therefore, the original procedure was maintained but the ratio of reactants was 
slightly changed. Initially, 28.9 g of H2O were mixed with 0.38 g of Al(OH)3 and 31.6 g of 
TMAdaOH were added as Organic Structure Directing Agents (OSDA). After 15 minutes 
of stirring at room temperature, 11.2 g of colloidal silica (40 %, Ludox HS, Sigma-Aldrich) 
was added, as a source of silica. The stirring at room temperature was preserved for another 
2 hours until the gel was homogenized. Afterward, the liquid was heated in a tumbling 
oven for five days at 443 K. The resulting as-synthesized SSZ-13 was dried, and X-ray 
powder diffraction (XRD) pattern was obtained using a Riguka SmarLab diffractometer 
with a Cu K radiation. The analysis was done on every single batch from 4° to 40° at a 
 scan rate of 0.00833 s-1 with a step size of 0.01°. 
Once CHA topology was confirmed, a calcination process from room temperature to 583 
K with a ramp temperature of 0.00835 K s-1 and 10-hours dwell time was performed. 
Afterward, Na-SSZ-13 zeolite was NH3-exchange using a 0.25 L of 0.1 M NH4NO3 
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solution at 353 K for 10 hours. Using the titration methods develop in the group [46][47] 
the H+/Al ratio was quantified using an AutoChemII-MSD for Temperature Program 
Desorption (TPD) and SDT Q600 for Thermogravimetric Analysis (TGA). Finally, an 
additional calcination process was done to eliminate the NH3 from the zeolite. The 
calcination process was done by increasing the sample to 583 K with a temperature ramp 
of 0.0167 K s-1 while air was flowing at 100 cm3 min-1 (Commercial grade, Indiana 
Oxygen). The resulting H-SSZ-13 was analyzed to quantified the micropore volume using 
an ASAP 2020 instrument, see details in reference [45] and comparing the results with 
previous zeolites values [1]. 
 
Finally, liquid-phase copper exchanged was done in the H-SSZ-13 using Cu(NO3)2 (99.999 
wt%, Sigma Aldrich) solutions with different molarities, at an adjusted pH of 5[48][49]. 
The samples were washed with deionized water, dry overnight at 323 K and calcined again. 
Atomic absorption spectroscopy analysis was used to quantify the amount of Cu, Al and 
Si, see details in reference [45]. 
2.3.2 UV-Vis-NIR Spectroscopy  
Ex-situ UV-Vis spectroscopy was used to confirmed the state of the Copper under ambient 
conditions. A Varian spectrophotometer (Cary 5000) and Harrick-Scientific Praying-
Mantis diffuse reflectance optics and cell were used to take the spectra of the H-SSZ-13 
and the Cu-SSZ1-13. The spectra of the barium sulfate (BaSO4, Sigma-Aldrich, 99%) were 
used as a background correction. Additionally, the spectra of the H-SSZ-13 for each batch 
were taken in order to subtract possible absorption bands that the support can add to the 
corresponding Cu-SSZ-13 samples. All the spectra were taken at ambient conditions from 
7 000 cm-1 to 50 000 cm-1 with a scan speed of 2 000 cm-1, and Kubelka Munk units were 
used to report the results. Quantification of the feature at ~12 500 cm-1 assigned to a d-d 
transition of Cu+2 was done by quantifying the area under the curve in the normalized 




NH3-SCR kinetics were collected on a bench tubular glass reactor, built and describe by 
Bates et al. [1].  The PFR reactor has a diameter of 3/8 in with a quartz frit located in the 
middle of the tube to hold the catalyst bed. In order to assure isothermal conditions in the 
reactor two thermocouples (k-Type) were located on the top and above the catalyst bed. 
Correspondingly, all gases were preheated before entering to the reactor except NH3, which 
was added just before the catalyst to avoid gas phase reactions. Deionized water was added 
to the system using a shell-type humidifier (Perma Pure MH-Series) and the diffusion of 
water was controlled by controlling the membrane temperature. NH3-SCR kinetics 
measurements were done on catalysts with particle size between 125 and 250 μm to avoid 
mass transfer limitation. Between 20 mg to 200 mg of catalyst were loaded, diluted with 
silica gel (Fisher Chemical), to increase the catalyst bed height, thus avoid bypassing of 
the reactants. All kinetics measurements were taken at conversion lower than 20% to avoid 
concentration gradients within the catalyst. Typical standard NH3-SCR gas conditions were 
300 ppm NH3 (3.0 % NH3/Ar, Praxair), 300 ppm NO (3.6 % NO/Ar, Praxair), 5 % CO2 
(liquid, Indiana Oxygen), 10 % O2 (99.5 %, Indiana Oxygen), ~3.5 % H2O (ionize water), 
balanced with N2 (boil-off liquid nitrogen) at 473 K. The outlet concentration of the gases 
was quantified by an FTIR spectrometer (MKS Multigas™ 2030), using onboard 
calibrations provided by the manufacturer. With the purpose of determining apparent 
activation energy, the temperature was changed in a small interval 474-443 K. In the same 
way, the apparent reaction orders of every reactant were estimated by varying the 
concentration within a small range always verifying conversion below 20 %, NO and NH3 
(100-400 ppm) and O2 (5-15 %).  
Kinetic measurements were performed at a different concentration of O2 to identify the 
influence of the gas concentration in the reaction rate and kinetic regimes. For this 
particular case, O2 concentration was changed from 5 % to 70 % keeping constant the flow 
rates and the concentration of NO (300 ppm), NH3 (300 ppm), CO2 (7 %) and H2O (5 %). 
The activation energy was estimated by changing the temperature at 60 % of O2 
concentration. Likewise, the apparent reaction orders were taken by changing NO 
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concentration from 100 to 400 ppm and NH3 from 250 to 450 ppm. The kinetic 
measurements at different gas composition or temperature conditions were taken after the 
catalyst was on stream for at least one h, once the steady state was reached. The 
reproducibility of the measurements was checked by periodically returning to a base case 
condition at a chosen temperature. A power rate law was used to calculate the reaction rate, 
Standard SCR Equation 1, which was normalized by the weight of the catalyst.  
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2.4 Results  
2.4.1 Zeolite Characterization  
Characterization parameters results are shown in Appendix A where XRD patterns for 
SSZ-13, BEA and ZSM-5 are plotted in figure A.1 and A.2, and micropore volume, zeolite 
composition, and H/Al ratio are presented in table A.1. The three different SSZ-13 batches 
display XRD patterns with characteristics peaks of the CHA structure. Similarly, BEA and 
ZSM-5 zeolites show patterns that correspond to crystalline topologies Beta and MFI, 
respectively. Micropore volume values for H-SSZ-13 were between 0.18 and 0.20 cm3 g-1, 
which was in the same range than H-BEA value of 0.2 cm3 g-1. Both measurements were 
in line with reported values in the literature [50][51]. In the case of the commercial H-
ZSM-5, the value was lower concerning to the other zeolites and the values reported for 
that framework [52]. Additionally, in table A.1 are presented the Si/Al ratios and Cu 
loading for all the samples used. In the case of SSZ-13, the average ratio of Si/Al was ~15, 
while for BEA and ZSM-5 was Si/Al = 13. Multiple SSZ-13 samples were Cu-exchanged, 
from Cu/Al = 0.027 to Cu/Al = 0.44, while in the case of BEA three samples were prepared 
Cu/Al = 0.068, 0.26 and 0.35. Cu loading for ZSM-5 ranged from 0.06 to 0.37. No further 
characterization was done for ZSM-5 and BEA, since all the conclusion regarding the Cu 
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speciation was done specifically for SSZ-13. The interest on other frameworks was mainly 
focused on their kinetics parameters.  
The H+/Al ratio is shown in table A.2 for the different SSZ-13 batches. In all the cases the 
value is close to 1, which indicate that all the Al in the framework can generate a Brønsted 
acid site that would be readily exchanged by Cu. NH3 titration methods [46][47] were used 
to quantified the residual H+ after the Cu-exchange process. The results are presented in 
table A.2 and plotted elsewhere [45], with two other Si/Al ratios. According to the results, 
the exchange process within SSZ-13 Si/Al = 15 started by taking two residual H+ per Cu 
exchanged in the zeolite up to Cu/Al = 0.1. After this amount of Cu has been introduced 
into the zeolite, the proportion changes to one H+ per Cu exchanged for the remaining 
samples. This trend is clearly indicated in reference [45], implying that the nature of the 
Cu species was modified once Cu reaches a threshold value in the framework. The 
experimental data validate the model previously proposed [1], where the maximum amount 
of Cu2+ exchanged by taking two H+ was Cu/Al = 0.09 in the case of SSZ-13 Si/Al = 15. 
The striking results were further confirmed by using NH3 titration methods for samples 
with Si/Al = 4,5 and 25 in addition to Co-exchange methods. In both cases, the maximum 
amount of Cu2+ that required two H+ were estimated to be the same values for both methods 
and in line with the theoretical prediction [45]. Thus two chemical methods and a 
theoretical calculation were able to confirm the different nature of the Cu which has been 
speculated by other authors [21][23][24][53]. However, the main contribution of our work 
was the quantification of  Cu species and the confirmation of the Cu speciation prediction 
depending on the zeolite composition (Si/Al and Cu/Al ratio) [45].  
2.4.2 Standard NH3-SCR Kinetics Measurements 
NH3-SCR kinetics at low temperature were taken in 6 different Cu-SSZ-13 Si/Al = 15, 
synthesized assuming random Al distribution, and 2 Cu-SSZ-13 Si/Al = 15 samples with 
one Al site per cell. Kinetic parameters and reaction rates per gram of catalyst at 473 K are 
summarized in table 2.1. Apparent activation energy and reaction order were calculated by 
operating the system in conversion below 20 %, thus assuming that the catalyst bed will 
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have uniform conditions in temperature and concentration. Transport disguises were ruled 
out by applying the Koros-Novac test, verifying that the rate was proportional to the 
number of catalytic sites per unit volume [54]. Thus, it can be seen from our data that the 
rate increases proportionally with the addition of hydrated Cu2+, see figure 2.2, which 
confirm that our measurements are under kinetics conditions not affected by diffusion.  
 





( kJ mol-1)a 
Rate 







0.18 0.027 53 8.5 0.5 -0.5 0.8 
0.52 0.094 50 18 0.4 -0.5 0.6 
0.7 0.12 51 29 0.4 -0.3 0.7 
0.8 0.12 50 38.9 0.4 -0.3 0.6 
1.2 0.21 50 110 0.7 -0.3 0.6 
1.7 0.24 52 172 0.6 -0.3 0.5 
2.4 0.37 62 268 0.6 0 0.4 
2.9 0.44 74 364 0.7 0 0.3 
a Associated error ± 5 k J mol-1 
b Associated error ± 1 
Apparent activation energy values presented in table 2.1 for SSZ-13 Si/Al = 15 range 
between 50 and 74 kJ mol-1, which are in line with reported literature values for SSZ-13 
[1][38][55]. The activation energy values were extracted from the Arrhenius plot, which 
was created by measuring the rate at standard NH3-SCR conditions in a 30 K temperature 
interval for all the samples. A typical Arrhenius plot is presented in figure A.3. From the 
results, it can be seen that samples with a lower amount of Cu exhibit lower activation 
energy between 50 to 53 kJ mol-1, while the samples with a higher quantity of Cu-
exchanged will display higher activation energy up to 74 kJ mol-1. The activation energy 
for the samples with isolated Al in the framework show the same values within the error ± 
5 kJ mol-1, although the amount of Cupper was almost double. A similar observation 
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regarding the activation energy was done by Bates et al. [1]. They performed kinetics 
studies on Cu-SSZ-13 Si/Al = 4.5 and found that the activation energy of almost all the 
samples was higher than 60 kJ mol-1, except for the sample with the lowest amount of Cu 
exchange in the zeolite, which was 42 kJ mol-1. Although they did not elaborate on this 
point, it can be argued that this is a consequence of a change in the kinetic regime.  
 
The apparent reaction orders provided more information to explain the different regimes. 
Consequently, apparent reaction order of NO, NH3 and O2 were evaluated for all the 
samples and the results are presented in table 2.1. Similarly, apparent reaction order of the 
samples between Cu/Al = 0.21 and Cu/Al = 0.44 present values already reported in 
literature [1], NO order 0.6 - 0.7, O2 order 0.3 - 0.6, NH3 order -0.3 - 0. On the contrary, 
samples with Cu/Al < 0.21 present a higher O2 order, lower NO and NH3 order is even 
more negative. Therefore, the disparity in the apparent reaction order could be another 
evidence of a change in the kinetic regime at standard NH3-SCR conditions. According to 
the kinetics parameters, the transition between these two regimes is mainly affected by the 
Cu concentration in SSZ-13. However, when the kinetics parameters are compared with 
other SSZ-13 with different Si/Al ratios (4.5 and 25 see table A.3), it can be seen that the 
transition would shift towards higher values of Cu as the content of Al is decreased in the 
SSZ-13 [1]. The same change in SCR rates as a function of Si/Al ratios was observed by 
others in Cu-exchanged SSZ-13 [56] and ZSM-5 zeolites [41]. In both studies, it was 
pointed out the decrease in activation energy, and reaction rate as the content of Al was 









Figure 2-2 Standard SCR rates per gram of catalyst for SSZ-13 Si/Al = 15 as a function of 
Cu wt % for different catalyst. Two synthesis methods were used to produced zeolite that 
exclusively exchanged [Cu-OH]+, red points, or both sites [Cu-OH]+, and isolated Cu2+, 
blue points. Red line theoretical prediction for previous speciation model, Black line linear 
fitting. 
Standard NH3-SCR reaction rates per gram of catalyst at 473 K are plotted in figure 2.2 as 
a function of the Cu loading (wt %) for SSZ-13 Si/Al = 15 samples. Additionally, a red 
dotted line is shown to represent the theoretical calculation for the maximum amount of 
active centers, isolated Cu2+, located in the 6MR [1]. According to the statistical prediction 
(read line), for SSZ-13 Si/Al = 15, the Cu/Al = 0.09 sample would display the highest 
reaction rate, after this point the rate would decrease, since no more active centers Cu2+ 
could populate the 6MR. However, after Cu/Al = 0.09 (Cu wt % = 0.5 there is a positive 
correlation between the reaction rate and the amount of Cu exchanged within the zeolite. 
This relationship confirms that the extra Cu ions that were exchanged in the zeolite, after 
the 6MR was saturated, are active for standard NH3-SCR. As it was mentioned previously, 
these new Cu species are exchanged in a different location than the 6MR and are charge-
compensating by one Al site instead of 2Al. The information presented in figure 2.2, 
provides for the first time in literature, the kinetic evidence to conclude that both sites are 
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equally reactive although they are chemically different, i.e. Cu2+ and [Cu-OH]+. Even more, 
in figure 2.2 is included reaction rates for two SSZ-13 samples which only have [Cu-OH]+ 
species exchange in the framework. The reaction rates line up for the two samples with 
exclusively [Cu-OH]+, and samples with mix Cu sites. Specifically, for the Cu wt % = 1.7 
the rate was 172 mol NO g cat-1 s-1 while for the sample with Cu/Al = 0.8 the rate was 38.9 
mol NO g cat-1 s-1. The kinetic results display in this work reconcile the discrepancies 
regarding different active sites for NH3-SCR. First, the results offer further information 
concerning active sites predicted previously in our group [1], by adding another active Cu 
center beside the isolated Cu2+. On the other hand, the kinetic results come to terms the 
findings of other authors regarding a second Cu configuration in the SSZ-13 active for 
NH3-SCR [21] [23][24][53].  
 
In addition to the proportional relationship between the amount of Cu and the NH3-SCR, 
it can be noticed from figure 2.2 that the relationship is not linear in the whole interval of 
Cu/Al ratios. Initially, a parabolic relationship between the rate and the Cu-exchanged is 
observed for the samples with lower Cu loadings, from Cu/Al = 0.027 to 0.12. After Cu/Al 
= 0.21 sample, the relationship become linear up to Cu/Al = 0.44. Correlation between Cu 
and NH3-SCR rates is more evident in figure 2.3, where the amount of Cu squared is plotted 
against the reaction rates. The linear correlation in figure 2.3, implies that the active Cu for 
NH3-SCR should involve a Cu paired structure. The same correlation has been reported in 
SCR literature. Gao et al. [22] observed a second order correlation for low Cu loading 
sample and SCR TOF at 453 K while samples with a higher amount of Cu exhibit a linear 
relationship. They suggested two active sites for NH3-SCR that are related to the Cu 
loading and the temperature range. Transient dimers are proposed to be the active sites for 
the low Cu loading at low temperatures, whereas at high Cu loadings and temperature they 
suggested a Cu monomer. Although we share the idea of dimer species forming during the 
NH3-SCR, it is proposed that the difference in rates are explained by different kinetics 
regimes, influenced by the SSZ-13 bulk composition and gas concentration conditions, not 





Figure 2-3 Standard SCR reaction rates per gram of catalyst at 473 K plotted as a function 
of square of Cu loading 
 
In order to prove our hypothesis, the standard NH3-SCR gases were changed, specifically, 
the O2 concentration was increased up to 70 % while maintaining the other gas 
concentrations and the differential conditions. The motivation behind increasing the O2 
concentration was the low activation energy exhibited by the samples with low Cu loading, 
which resemble the activation energy observed in dry NO oxidation reaction [43] (see 
Chapter 3). Thus samples with low Cu loading maybe limited by the oxidation half of the 
cycle and by increasing the O2 could be overcome the limitation. Figure 2.4, shows the 
SCR reaction rate per gram of catalyst measure at 60 % of O2 concentration for SSZ-13 
Si/Al = 15 Cu/Al = 0.12 (orange square) alongside with reaction rates measure at NH3-
SCR standard conditions for different Cu/Al samples (blue square). It is pointed out in the 
graph how the reaction rate of the parabolic sample is increased up to the point that levels 
out with rates for linear samples once the O2 concentrations are augmented. However, this 
is not the only kinetic change exhibits when the O2 is increased. In figure 2.5, the SCR 
reaction rates are plotted for different O2 concentration from 5 % to 70 %. It is observed 
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how the apparent reaction order for O2 decrease from 0.6 at standard conditions to 0 at 70 % 
of O2 concentrations, suggesting that a change in O2 coverage influences the reaction rate. 
When the apparent reaction order of NO and NH3 were measured at 60 % of O2 
concentration, the reaction order for NO increase to 0.7 and the order for NH3 was less 
negative going from -0.3 to 0, figure A.5. Therefore, by increasing the amount of O2 in a 
sample in the parabolic regime, the SCR rate limitation was overcome and the reaction 
order changed to resemble the reaction orders of samples in the linear regime. Additionally, 
using operando XAS at standard SCR conditions at 473 K the fraction of Cu was measured 
using similar procedure and set up describe in by Bates et al. elsewhere [1]. After 
comparing steady-state reaction rates obtained in the operando reactor, explain in [1], and 
the ones collected in the plug-flow reactor, table A., the XANES spectra was taken at 10% 
and 60 % of O2 while keeping the other gases at standard conditions. As can be seen from 
spectra figure A.8 there is a feature at 8983 eV that has been the characteristic feature for 
two-coordinated Cu(I) according to the reference used previously in our group [1]. The 
fraction of Cu+ and Cu2+ are quantified by using a linear combination of the XANES 
reference as done in previous publications [1][45]. According to the results by increasing 
the concentration of O2 from 10 % up to 60% at standard SCR conditions at 473K the 
fraction of Cu+ only increase by 6. These results can reflect that a fraction of Cu is still 
unable to oxidize even under high O2 conditions casting doubt on recent reaction 
mechanism that suggests oxidation of Cu on single sites [29]. Table 2.2 summarizes the 
kinetics parameters for SSZ-13 Si/Al = 15 Cu/Al = 0.12 measured at standard SCR 
conditions and SCR at 60 % of O2 concentration and the fraction of Cu measured using 
operando XAS. Apparent activation energy at both conditions did not change significantly; 





Figure 2-4 NH3-SCR reaction rates per gram of catalyst taken of Cu-SSZ-13 Cu wt % 0.8 
catalyst.at 473 K, standard conditions 300 ppm NO, 300 ppm NH3, 3.5 % H2O, 5 % CO2 
and 10 % O2 blue squares, and reaction rates taken at 300 ppm NO, 300 ppm NH3, 3.5 % 
H2O, 5 % CO2 and 60% of O2, orange squares. 
Finally, reaction rates for SSZ-13 Si/Al = 15, measured in this contributions, and Si/Al = 
4.5 reported previously by Bates et al. [1] were compared. Specifically, SSZ-13 Si/Al = 
4.5 Cu/Al = 0.08 and SSZ-13 Si/Al = 15 Cu/Al = 0.44 Turn Over Rate (TOR), apparent 
reaction orders and activation energy were analyzed. For SSZ-13 Si/Al = 4.5 sample the 
TOR is 115 mol NO Cu g-1 s-1 while for Si/Al = 15 sample is 118 mol NO Cu g-1 s-1. 
Activation energy for the former sample is 64 k J mol-1 and apparent reaction orders for 
NO, NH3 and O2 are 0.8, 0, and 0.3, respectively. Similar values can be seen for the Si/Al 
= 15 Cu/Al = 0.44 sample from table 2.1 with activation energy equal to 67 kJ mol-1 and 
reaction orders equal to 0.7, -0.08 and 0.42 for NO, NH3 and O2, respectively. It seems that 
a general correlation can be proposed regarding the amount of Cu and the SCR rates when 
are in the same kinetic regime, implying that the reaction mechanism may be similar given 
the equal kinetic parameters. To extrapolate this observation to other frameworks kinetics 
measurements were taken on BEA and ZSM5 zeolites. In figure 2.6 SCR reaction rates per 
gram of catalyst measured at standard conditions are plotted for Cu loading samples with 
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different frameworks. As it can be seen, the structure of the zeolite appears to play no major 
role in the SCR reaction rates measured at 473 K. For all of the zeolites, the SCR reaction 
rates increase in a non-linear fashion up to certain amount of Cu after which, the relation 
became linear. In the case of SSZ-13 Si/Al = 4.5 and 15, there is enough resolution to point 
out that after some saturation point the reaction rates decrease as more Cu is exchanged in 












Table 2-2 Summary of kinetic parameter of Cu-SSZ-13 Si/Al = 15 Cu wt. % = 0.8 (Cu/Al 
= 0.24) taken at 473 K and the fraction of Cu using operando XAS at standard SCR, as 
described in [1]. NO order was taken with NO concentration ranging from 100 – 400 ppm, 
NH3 was taken from 150 – 450 ppm, with O2 concentration at 10 % and 60 %. O2 order 
was takes at 300 ppm NO, 300 ppm NH3, 3.5 % H2O, 5 % CO2 with O2 concentration 
ranging from 5 -15 % in one case, and from 50 % to 70 % in the other. For all the 
measurements the concentration of H2O and CO2 were 3.5 % and 5 %, respectively. 
 
Fraction  
CuI ǀ CuII  Eapp / kJ mol
-1 NO order NH3 order O2 order 
SCR at 10% O2 0.75 ǀ 0.25 50 0.4 -0.3 0.6 
SCR at 60% O2 0.69 ǀ 0.31 53 0.7 0 0 
Figure 2-5 SCR reaction rates per gram of catalyst of Cu-SSZ-13 Si/Al = 15 Cu wt. % = 
0.8 (Cu/Al = 0.24), taken at 473 K and 300 ppm NO, 300 ppm NH3, 3.5 % H2O, 5 % CO2
with O2 concentration ranging from 5 % to 70 %. 




















































Figure 2-6 Standard SCR rate per gram of catalyst for different zeolite topologies SSZ-13, 
ZSM-5 and BEA plotted as a function of Cu loading. Linear Fitting is drawn. Reaction 
rates of SSZ-13 Si/Al =4.5 catalyst are taken from [1] 
 
 
2.4.3 UV-Vis-NIR measurements  
Figure 2.7 shows the ambient UV-Vis spectra for the series of SSZ-13 Si/Al = 15 samples. 
Two absorption bands can be recognized in the spectra, namely, 12 500 cm-1 and 42 000 
cm-1. The former feature has been assigned to a d-d transition for hydrate isolated Cu+2 and 
the latter to the Cu interaction with Oxygen in the framework [53][57][58][59]. Both 
features increased with the Cu loading, however only the d-d transition feature has been 
related with the precursor for the isolated Cu+2 in the 6MR active for standard SCR [1]. As 
it was mentioned previously after Cu/Al = 0.09 for this set of Si/Al = 15 samples, [Cu-
OH]+ species would be exchanged in the framework. Therefore, for at least the three highest 
Cu loading samples in figure 2.2 there is a mix of Cu2+ sites, yet they exhibit no further 
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absorption band at ambient conditions. Therefore, as it was concluded in [45] on the basis 
of XAS, both active sites are undistinguishable when water is surrounded the Cu sites, 
promoting a octahedral configuration with high symmetry [60][53]. 
 
Figure 2.7 displays the relation between the quantification of the feature assign to the 
hydrate Cu+2, [Cu (H2O)6]2+, and the reaction rate at 473 K for SSZ-13 Si/Al = 15. A linear 
relationship is found for the highest Cu loading samples while samples with the lowest 









SCR kinetics was used to corroborated the catalytic activity of the copper exchanged in 
SSZ-13 framework with Si/Al = 15.  Isolated Cu2+ has been assigned to be the active 
species for the reduction of NOx under standard SCR conditions, according to our previous 
model [1] and some other authors [16][17][18]. Even more, in a previous contribution [1], 
a statistical prediction on the maximum amount of isolated Cu2+ for SSZ-13 zeolites in a 
range of Si/Al ratios was predicted. In a followed-up study from our group [28], a 
mechanism was proposed to explained the redox behavior of the active Cu2+ in the 
reduction of NOx under standard SCR. Nevertheless, the kinetics results for SSZ-13 Si/Al 
Figure 2-7a-b. (a) Correlation of standard SCR rate per gram of catalyst taken at 473 K with the 
area of the UV-Vis absorption band at 12 500 cm-1 in K.M units, taken at ambient conditions for 
SSZ-13 Si/Al = 15 catalysts with different Cu loadings. (b) UV-Vis Spectra taken at ambient 
conditions for SSZ-13 Si/Al = 15 with different Cu loadings 
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= 15, show in this work, redefine the actual frame of reference regarding the active species 
for standard NH3-SCR. According to the model proposed by Bates et al. [1] the maximum 
amount of active Cu2+ in a SSZ-13 Si/Al = 15 would be in a sample with Cu/Al = 0.09. In 
other words, that sample should exhibit the maximum standard NH3-SCR activity. 
However, the kinetics results presented in this contribution highlight that the addition of 
Copper up to Cu/Al = 0.44 (for Si/Al = 15) is equally active for standard NH3-SCR. When 
the standard SCR rate per gram of catalyst is compared for the case of SSZ-13 Si/Al = 4.5 
and 15 is observed a linear correlation in both cases, suggesting that there should be another 
active species beside isolated Cu2+, found in earlier model. When the kinetics results are 
coupled with the ex situ UV-Vis spectra, a linear correlation can be observed between the 
intensity of the hydrated Cu2+ and the standard SCR rate per gram. This correlation 
suggests that the additional specie in SSZ-13 Si/Al = 15 is exchanged as Cu2+, and under 
ambient conditions both, isolated Cu2+ and the new specie, have the same absorption 
feature at 12 500 cm-1, assigned to the hydrated Cu2+. Thus, the coincidence on the 
absorption band, for both species, suggests a weak interaction of the Cu2+ species with the 
framework, instead both structures are surrounded by water producing a single band at 12 
500 cm-1 [59][60]  
Given this level of experimentation only catalytic activity can be measured on the new 
species but no structures can be assigned, although in zeolite literature additional Cu2+-
ligand species has been proposed to exchange in single Al sites, after the 6MR is saturated 
[61][62][63]. Motivated to correlate the kinetics measurements with the identification and 
quantification of the new species, a comprehensive characterization study was carried out 
on SSZ-13 Si/Al = 4.5, 15 and 25 [45]. On the basis of XAS, FTIR spectroscopy and 
chemical characterization, two different species were identified to exchange on SSZ-13 
namely, isolated Cu2+ and [Cu-OH]+. The former species were found to populate 2Al sites 
in the 6MR, after saturation, the latter specie would be exchanged in single sites Al, 
assuming the Al was randomly distributed in the framework and obey the Löwenstein’s 
rule. The experimental results were confirmed through first-principle-based models with 
excellent accuracy, showing the speciation model is affected by the concentration of Si/Al 
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and Cu/Al in the zeolite. Hence, a model that explained the Cu speciation in SSZ-13 was 
found, and line up with the kinetics measurements. Specifically, kinetics parameters on 
different zeolite presented in this contribution reflect a similar trend between reaction rates 
and Cu, suggesting a negligible contribution of the zeolite framework in the NH3-SCR 
mechanism. This observation is explained by the solvation of the NH3 on Cu at the 
temperature conditions, 473 K, used for the kinetics  measurements  Thus, according to the 
mechanism proposed in [45], Cu would be completely solvated by NH3 during the whole 
redox cycle, reducing the interaction between the Cu sites and the framework.  
 
The standard NH3-SCR activity was demonstrated by the kinetics parameters not only in 
samples with mixed of Cu2+ and [Cu-OH]+ species, but in samples with Copper exchanged 
exclusively as Cu2+ or [Cu-OH]+. The kinetics measurements are of critical importance 
because demonstrate that the different active species in literature [1], [16]–[18], [24], [29], 
[55], [64] are not in contradiction but can be reconcile by a unique model with two equally 
active Cu2+ species.  A redox mechanism in the case of the [Cu-OH]+ species was proposed, 
involving similar reaction steps than the previous proposed mechanism for isolated Cu2+, 
although a proximal acid site is predicted for the latter case [45]. In both cases, the NH3 
order suggest the solvation of the Cu species which is corroborated by the calculated free 
adsorption energies of NH3 on Cu2+ at 473 K [28]. The reduction of Cu2+ to Cu+ occurs by 
the combine action of NO and NH3. This NO-assisted reduction for both species formed a 
H2NNO intermediate, however in the [Cu-OH]+ species the reduction is completed by the 
transfer of a proton to the OH ligand to form H2O, and in the case of isolated Cu2+ species,  
















The generation of the proximal Brønsted acid site was corroborated experimentally on 
samples with isolated Cu2+ species, by NH3- titration methods [46][47], and the results 
were presented in our previous contribution for the samples using in this kinetic study [45]. 
Regarding the oxidation half-cycle, the kinetics results presented here may provide indirect 
prove of the involvement of dimeric species to oxidize back the Cu and complete the cycle 
(vide infra). Specifically, after the reduction step, Cu diamine species Cu+(NH3)2 is 
proposed to be paired by O2, considering their high mobility in the CHA cage [45][22][65], 
producing a dimeric structure while oxidizing the Cu+ to Cu2+.  Subsequently, NO can react 
with oxygen molecules in the dimer, to produce nitrites (NO2-) which ultimately will 
interact to the adsorbed NH3 to decompose in N2 and H2O. This finally leaves the Cu2+ 
with a OH ligand ready to start the cycle again. Under this proposed mechanism it cannot 
be rule out the oxidation of single Cu+ sites by the action of the NO2 molecules, given its 
adsorption free energy in Cu+ (84 kJ mol-1) [28] and other reaction mechanism proposed 
in literature  [5][31][29]. However, no evidences are provided in this contribution to 
explain the formation of NO2 in the gas phase.  




Square dependence of Cu with the SCR rates identified in SSZ-13 Si/Al = 15 samples 
provide the kinetic evidence to explain the Cu diamine mechanism proposed. As it was 
shown, the reaction rates correlate in a parabolic fashion with the amount of Cu up to a 
certain threshold value of Cu, where the relation become linear. It was shown that the 
parabolic regime can be extended to higher Cu loadings, as the Al is more diluted in SSZ-
13 zeolites, see figure A7. Therefore, the bulk composition of the zeolite affects the 
reaction rate and the kinetics parameters. This situation can be explained under the redox 
mechanism discussed early, where a dimer should be formed in order to complete the NH3-
SCR reaction cycle. When the concentration of Cu or Al are decreased in the zeolite, the 
formation of dimers becomes more difficult, either because there is not enough Cu to be 
paired, or the Al will be far apart to each other to stabilize closer Cu diamines compounds. 
The deficiency of dimers would stop the cycle in the reduction part, increasing the fraction 
of Cu+, hence the whole reaction would be limited by the oxidation half-cycle. Operando 
XAS measurements confirmed that under standard SCR at 473 K the fraction of Cu is 
mainly composed by Cu+, in samples which reaction rates exhibit parabolic dependency, 
see figure A.6. What is more, the fraction of Cu+ measured under standard SCR conditions 
at 10 % and 60 % of O2, table 2.2, for a SSZ-13 with isolated Al in the framework suggest 
that a fraction of Cu cannot be reoxidized even at rich-oxygen conditions. Therefore, this 
can be another evidence which proves the relationship between SCR redox mechanism at 
473 K and the fraction of Cu that is close enough to be paired by O2. In other words, the 
maximum fraction of Cu that are able to paired under standard SCR conditions at 473 K is 
the active Cu, that is able to turn over in each catalytic cycle, thus the correct parameter to 
normalized the reaction rates. The findings present in this work cast doubt on the reaction 
mechanism proposed by Jassens et al. [29] in which the oxidation half-cycle is proposed to 
occurred on a single site Cu. As was shown no complete oxidation of Cu was achieved 
after increasing dramatically the concentration of O2. However, a systematic 
experimentation with SSZ-13 samples with isolated Al in the framework is proposed in 
order to gain more information about the fraction of Cu that can be paired and its relation 
with the bulk composition of the zeolite.  
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On the other hand, it was shown that kinetics regimes observed in this contribution at 
standard conditions for SSZ-13, can collapse in a single regime if gas conditions are 
modified. Specifically, when O2 concentration was increased for Cu-SSZ-13 Si/Al = 15 
Cu/Al = 0.12 sample the kinetics regime change from parabolic at standard conditions (10 % 
O2) to linear regime at 60 % of O2. This change in kinetic regime and reaction rate while 
increasing the O2 concentration validate the dimer mechanism proposed. Finally it should 
be mentioned, that there is no reason to believe that under the parabolic regime there should 
be additional active species, since the kinetics parameters can be fully explained by the 
redox mechanism discussed here and proposed in our recent publication [45]. In other 
words, Standard SCR rates are strongly influenced by bulk composition in zeolites (Si/Al 
and Cu/Al ratios) and gas conditions; hence, by changing those parameters kinetics regimes 
can be reconciled.  
2.6 Conclusions 
Kinetic studies were performed on SSZ-13 Si/Al = 15 series of samples in order to elucidate 
molecular information regarding active sites and reaction mechanism for reduction of NOx 
under standard NH3-SCR conditions at 473 K. The central motivation of the study was to 
corroborate the speciation and mechanistic model proposed previously in our group for Cu-
SSZ-13 Si/Al = 4.5 [1][28]. According to the previous model, the maximum amount of 
active isolated Cu2+ located in the 6MR would be present in a sample with Cu/Al = 0.09 
for a Si/Al = 15, implying that further this point SCR reaction rates would decrease with 
the addition of Cu. It was shown by careful synthesis methods and kinetics measurements, 
that in addition to the isolated Cu2+, another Cu species, i.e. [Cu-OH]+, can be exchanged 
in SSZ-13, both being equally active for NH3-SCR. 
 
Additionally, kinetics parameters for the set of the sample tested,revealed at least two 
different kinetic regimes. First, a regime was found that exhibited a Cu square dependence 
with the SCR rates, and the other regime was characterized by a linear relationship between 
the Cu and the SCR rates. Contrary to the multiple site proposal in SCR literature [22], the 
parabolic regime was explained by the change in the rate-limiting half cycle, that is 
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influenced by the SSZ-13 bulk composition and gas conditions. Samples with low Cu 
loadings were limited by the half oxidation cycle would be the rate determining step while 
for samples with higher Cu loading the limitation would be in the reduction half of the 
redox cycle. Kinetic measurements at different O2 concentration in a sample located in the 
parabolic regime validate the hypothesis above. After increasing the concentration of O2 
up to 70 %, the kinetic regime was changed from parabolic to linear, increasing the SCR 
rate and changing the kinetics parameters accordingly. The kinetics results in this 
contribution motivate the comprehensive speciation study in SSZ-13 with different Si/Al 
ratios done by our group [45]. In our study, it was identified and quantified two Cu species 
in SSZ-13 namely, isolate Cu2+ exchanged by 2 Al sites and [Cu-OH]+ exchanged by 1 Al 
site. The speciation prediction was extrapolated to different Si/Al ratios samples, 
conditioned by having Al randomly distributed in the framework obeying the Löwenstein’s 
rule. A redox mechanism for both Cu species was proposed by considering NO and NH3 
essential to reduce the Cu2+ to Cu+. Regarding the oxidation half of the cycle, a dimer 
structure was speculated to form by the interaction of two mobile Cu diamine structures, 















CHAPTER 3. DRY NO OXIDATION ON Cu-SSZ-13 WITH DIFFERENT Si/Al 
RATIOS 
3.1 Abstract 
Dry NO oxidation activity was studied on Cu-SSZ-13 zeolite with different Si/Al ratios 
using kinetic measurements, CO-TPR and UV-vis-NIR spectroscopy. Catalysts with 
isolated Cu2+ sites were unable to oxidize NO under dry conditions, while Cu-SSZ-13 
catalysts with a fraction of Cu exchanged as [Cu-OH]+, were able to produce active centers 
to activate the dry NO oxidation reaction. A linear correlation was found between the 
fraction of Cu titrated by CO-TPR and the NO oxidation reaction rates per mol of Cu. The 
fraction of Cu pairing by extra framework O2 increase from 0 to 0.40 as the Cu/Al ratio 
when from 0.02 to 0.44 in different SSZ-13 samples with Si/Al = 4.5, 15 and 25. The 
formation of Cu pairs after O2 activation was associated with the fraction of [Cu-OH]+ that 
is closed enough to accommodate extra framework O2 to produce dimers, while the fraction 
of isolated Cu2+ was not able to interact with extra framework O2 at dry conditions. The 
auto reduction phenomenon of [Cu-OH]+ species is speculated as a necessary step for the 
formation of dimers after O2 activation. UV-vis spectroscopy was used to gain information 
regarding the structure of Cu species. After O2 activation, samples with NO oxidation 
activity and a major fraction of [Cu-OH]+ exhibit four different absorption bands in the d-
d transition, center at 11 200 cm-1, 13 900 cm-1, 16 500 cm-1 and 19 700 cm-1. While samples 
with negligible dry NO oxidation activity and major fraction of isolated Cu2+ exhibit a 
unique band center at 12 500 cm-1. The deconvolution of the Cu-SSZ-13 UV-vis-NIR 
spectra was done by selectively populated Cu sites (i.e. Cu+2 and [Cu-OH]+) in SSZ-13 
zeolites, using synthesis methods. Although both species at hydrated conditions exhibit the 




Samples with solely [Cu-OH]+ species exchanged in the framework exhibit four different 
bands on the d-d transition after O2 activation. In contrast, samples with 100 % of isolated 
Cu2+ only display the increase of the band center at 12 500 cm-1. Therefore d-d transition 
features center at 11 200 cm-1 and 13 900 cm-1 were assigned to be a characteristic feature 
of dehydrated [Cu-OH]+ species. These results were confirmed by preliminary ab initio 
molecular dynamic calculations. By isolating the interaction of [Cu-OH]+ and using UV-
Vis assignments from synthetic Cu complexes literature the absorption band center at 19 
700 cm-1 was assigned to belong to a  (µ-ƞ2: ƞ2-peroxo)-dicopper structure. These findings 
suggest that interaction of [Cu-OH]+ species may generate dimers, which can activate non-
selective oxidation reactions during NH3-SCR at high temperatures. 
 
3.2 Introduction 
The use of diesel engines in mobile applications have risen concerns in environmental 
agencies to regulate the emissions of Nitrogen Oxides (NOx) pollutants from light and 
heavy duty diesel vehicles [66].  Combustion technologies have demonstrated to be an 
effective way to control the NOx emissions, however stringent regulations, in USA [3] and 
Europe [64], have required the implementation of post-combustions technologies to treat 
exhaust gases, specifically the use of heterogeneous catalysis [5]. Ammonia Selective 
Catalytic Reduction (NH3-SCR) technology using metal-exchange small pore zeolites have 
displayed excellent results to abate the NOx emissions on mobile application. Particularly, 
the commercial Chabazite (CHA) structures, aluminosilicate SSZ-13 and 
aluminophosphate SAPO-34 [3]. Since the commercialization of the Cu-SSZ-13 zeolite 
multiples studies have been carried out in order to understand catalytic performance 
[55][22], actives sites [17][64], and reaction mechanism [28][67].   
 
In an initial contribution, Fickel et al. [16] studied the thermal stability of Cu-SSZ-13. They 
determined that the exchanged Cu+2 species would be located in the 6-membered ring 
(6MR) into the SSZ-13 framework, increasing its stability compared with the acid form of 
the zeolite (H-SSZ-13). Later, they studied the higher hydrothermal stability of the Cu-
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SSZ-13 compared to medium pore zeolites e.g. ZSM-5 [14]. They argued that small pores 
in CHA imposed geometrical constrain to Al species to leave the structure, thus making 
the zeolite more stable by preventing them to collapse. Deka et al. [18] confirmed the 
location of the Cu+2 in the 6MR and proposed it as an active site for the NH3-SCR. Similarly, 
Kwak et al. [21] study the location of the exchanged Cu species on the SSZ-13 on the basis 
of H2-TPR and FTIR studies. They found two possible location of the Cu+2 based on the 
exchange levels. Cu-SSZ-13 samples with low Cu exchange levels would have Cu+2 
species located in the 6MR, while samples with high Cu exchange levels would allocate 
Cu+2 species in the CHA cage. However, it was not until Shane et al. [1] contribution, that 
a clear relationship was found on the Cu speciation and NH3-SCR activity on Cu-SSZ-13. 
It was found that NH3-SCR reaction rates at 473 K correlate linearly with the UV-Vis-NIR 
feature intensity of [Cu (H2O)6] 2+. Using operando XAS they found that the hydrated Cu2+ 
was a precursor of the active isolated Cu+2 located in the 6MR under reaction conditions. 
Finally, a statistical correlation was proposed in order to relate the theoretical saturation of 
Cu2+ located in the 6MR with different Si/Al ratios SSZ-13 zeolites, providing that the Al 
was randomly distributed. Given the Si/Al ratios of the zeolite that they used, the 
theoretical sample with the highest isolated Cu2+ in the 6MR (Cu/Altot = 0.2) was found to 
have the highest NH3-SCR rate, while samples with a Cu/Altot > 0.2 exhibit a lower NH3-
SCR rate. The decrease in the SCR rate occurred after saturation of the 6MR by the 
formation of inactive Cu clusters species. In a followed up study Verma et al. [43] verified 
the formation of the Cu cluster species (CuxOy) when Cu/Altot  > 0.2 in the same set of 
samples, using dry NO oxidation as a probe reaction. They correlated the dry NO oxidation 
rate with the amount of CuxOy measured by in-situ XANES, and proposed a peroxo or oxo-
type of cluster located in the CHA cage as the most stable species, although did not 
discharge other possible configurations. Therefore, a complete characterization was done 
in terms of the type, location and NH3-SCR activity of the Cu species that can be exchanged 
in SSZ-13, specifically Si/Al = 4.5.  
 
Nevertheless, further investigation in SCR literature reveal that isolated Cu2+ was not the 
only species that can be exchanged in SSZ-13. For example, Giordanino et al. [53] found 
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that [Cu-OH]+ species can be exchanged in a single Al site in SSZ-13 Si/Al = 13.1 Cu/Al 
= 0.44, while they ruled out the exchange of the Cu as mono(µ-oxo) dicopper [Cu2(µ-O)]2+ 
for the same sample. Likewise, Borfecchia et al. [23] confirmed the existence of another 
Cu+2 species namely, [Cu-OH]+, located in the 8MR on Cu-SSZ-13 Si/Al = 12 Cu/Al = 
0.44, by means of FTIR, XAS and DFT calculations. They found that depending on the gas 
conditions [Cu-OH]+ could undergo auto-reduction, under He atmosphere at 673 K, or  
could dehydrate and stabilize by 1-Al site in the 8MR, under O2 atmosphere at 673 K. 
Although, the proposed [Cu-OH]+ species appear to be in contradiction with the isolated 
Cu+2 species identified by Shane et al. [1], these results can be reconciled if the Si/Al ratios 
are considered as suggested by the statistical calculations model [1]. Godiksen et al. [24] 
quantified that 18-21 % of the Cu on SSZ-13 Si/Al= 14 Cu/Al= 0.44 sample would be 
exchanged as isolated Cu2+ in the 6MR, while 50 % of the total Cu was identified to be 
[Cu-OH]+. Their experimental evidence agreed with the maximum amount of Cu+2 located 
in the 6MR for a SSZ-13 Si/Al = 14 predicted by the statistical model proposed by Shane 
et al. [1]. Therefore, there is a clear relationship between the Si/Al ratio and the Cu species 
that could be exchanged in SSZ-13. In a thoroughly study we established this relationship 
in light of NH3-SCR activity, chemistry and spectroscopy characterization and 
computational models (DFT) [45]. It was demonstrated that Cu would be preferentially 
exchanged as isolated Cu+2, charge compensated by 2 Al sites, in the 6MR. After saturation 
of the 6MR, [Cu-OH]+ would populate the 8MR, stabilized by 1-Al site. Both Cu sites were 
found to be equally active for NH3-SCR through a similar redox mechanism. 
 
Considering the current understanding of the Cu speciation on SSZ-13, it can be suggested 
that by exchanging only [Cu-OH]+ species in SSZ-13, the density of active sites can be 
increased as well as the hydrothermal stability [68]. However, the dynamic of these [Cu-
OH]+ species have been suggested to form Cu dimers [69][70], which are not only inactive 
for NH3-SCR but can promote undesirable reactions at engine operational temperatures 
[22][71][72]. Therefore, it is important to understand the interaction of [Cu-OH]+ species 




In this contribution, we identify the formation of Cu dimers on different Si/Al ratios SSZ-
13 zeolites (15, 25, 100) using dry NO oxidation kinetics, CO-TPR and in situ UV-Vis-
NIR. Dry NO oxidation was used as a probe reaction to determine the development of the 
Cu dimers species in a set of samples where [Cu-OH]+ were quantified previously [45]. 
Under dry NO oxidation environment these dimers can be described as static moieties, 
located in the CHA cage near the 8MR. The more stable structures for these dimers were 
suggested by Verma et al. [43] for SSZ-13, some other authors for ZSM-5 [73]–[76] and 
for MOR [77]–[79]. Dry NO oxidation reaction rates were coupled with the amount of total 
Cu that was titrated using CO-TPR, as proposed by others [80]–[82]. Finally, in-situ UV-
Vis-NIR was used to provide information regarding the structure of the dimer. We show 
that [Cu-OH]+ species promote the formation of Cu dimers, after O2 activation, which are 
the active sites for dry NO oxidation. Additionally, we identify a characteristic d-d 
transition absorption features for dehydrated [Cu-OH]+ species and suggest Bis (µ-ƞ2 : ƞ2 
peroxo) dicopper formation. This study complements the current understanding regarding 
the Cu speciation and provide an additional characterization assignment for further studies 
on [Cu-OH]+ species in SSZ-13 zeolites. 
 
3.3 Experimental Methods 
3.3.1 Zeolite Synthesis and Characterization  
SSZ-13 Si/Al = 15 zeolites with Chabazite structure were synthesized and described in our 
previous contribution [45]. In the case of SSZ-13 Si/Al = 25 the same synthesis method 
was followed with the appropriate changes in the amount of reactants. In a typical synthesis 
process, 28.4 g of N,N,N-trimethyl-1-adamantylammonium hydroxide (TMAdaOH, 25 %, 
Sachem) were mixed with 71.4 g of H2O (deionized), 0.433 g of Al(OH)3 (SPI pharma) 
and 34.6 g of NaOH (Alfa Aesar) in a plastic vessel and stirred at ambient conditions for 
15 minutes. When the mixture was homogeneous 10 g of fume silica (Cab-o-Sil M5) were 
added and additional 2 hours of stirring at ambient conditions were performed to reach a 
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well-mixed solution. The obtained gel was loaded in 4 Teflon-line stainless steel autoclaves, 
which were placed in a rotated oven for 6 days at 60 RPM and 433 K.  
 
Similarly, SSZ-13 Si/Al = 15 samples with isolated Al was synthesized. To accomplish the 
isolation of Al in SSZ-13 framework, the ratio Na+/ TMAda+ in the synthesis solution was 
changed to zero, keeping all the other parameters constant. Therefore, in a typical synthesis 
procedure, 31.6 g of TMAdaOH were mixed with 28.9 g of H2O and 0.38 g of Al(OH)3. 
The mixture was stirred for 15 minutes at ambient conditions. Subsequently 11.2 g of 
colloidal silica (40%, Ludox HS, Sigma Aldrich) were added and additional 2 hours of 
mixing were carried out at ambient conditions. Then the mix was transferred to two Teflon-
line stainless steel autoclave and heated in a tumbling oven for 5 days at 433 K.  
  
Likewise, SSZ-13 Si/Al = 100 samples were synthesized following comparable procedure, 
however, under fluoride environment in order to reach pure CHA phase [83][84]. In this 
case, the aqueous mixture was composed by 31.9 g of TMAdaOH, 38.6 g of H2O and 51.77 
g of 1 M solution of NaOH. All the reactants were stirred for 15 minutes under ambient 
conditions. Afterwards, 35 g of colloidal silica (30%, Ludox HS, Sigma Aldrich) were 
added to the homogeneous mixture and stirred for 2 hours. In order to create the fluoride 
media, 1.749 g of hydrogen fluoride (HF) were added to the mix and stirred for 2 hours at 
ambient conditions. Finally, the synthesis gel was loaded in a 200 mL Teflon-line stainless 
steel autoclave and located it in a static oven at 433 K for 7 days. Manual stirring was 
performed every day for 3 minutes without open the autoclave. After the corresponding 
time on the oven, the solid zeolites were recovered and washed with deionized water and 
acetone (99.9 %, Sigma Aldrich) until a pH of 8 was reached. Finally, the powder was 
dried overnight in a static oven at 373 K.  
 
The as-synthesize zeolites were calcined for 10 hours under 100 cm3 min-1 of dry air 
(99.999 % UHP, Indiana Oxygen) at 853 K (0.0167 K s-1). The resulting Na-form of the 
zeolites were converted to the NH4-form by liquid exchanged the samples with a 1 M 
aqueous solution of NH4NO3 (99.9 %, Sigma Aldrich). The exchange process was done in 
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a proportion of 100 cm3 solution per g of solid at 353 K for 10 h. The solid was washed 
and recovered to be dried overnight at 373 K. A portion of the NH4-form of the zeolite was 
used to performed NH3-TPD while the rest of the sample was treated with 100 cm3 min-1 
of dry air (99.999% UHP, Indiana Oxygen) at 853 K (0.0167 K s-1) for 4 hours. The 
resulting H-form of the zeolites was used to exchange Cu via liquid-phase ion exchanged.  
 
In a typical Cu-exchanged process, a ratio of 1.0 g of H-SSZ-13 was exchanged with 100 
cm3 of Cu(NO3)2 solution (99.999 % Sigma Aldrich) with concentration between 0.01 to 
0.1 M. The Cu-exchanged process was performed for 4 hours at room temperature while 
the pH was controlled to 4.9 ± 0.1 using 1.0 M solution of NH4OH (sigma Aldrich) in order 
to exchanged exclusively isolated Cu ions [49][48]. However, in SSZ-13 Si/Al = 100 and 
isolated Al sample the pH was not control during the Cu-exchange process. When the 
exchanged process was completed the zeolites were washed with ionized water and 
recovered by centrifugation. The Cu-form of the zeolites were dried overnight at 373 K 
then calcined under 100 cm3 min-1 of air (99.999 % UHP, Indiana Oxygen) at 853 K (0.0167 
K s-1) for 4 hours. Chemical Composition of the zeolites was determined by Atomic 
Absorption Spectroscopy (AAS) using a Perkin-Elmer AAnalyst 300, as describe 
elsewhere [45].  
 
X-ray Diffraction (XRD) was used to confirm the crystallinity of the CHA structure. The 
H-SSZ-13 zeolites patterns were analyzed by using a Rigaku Smartlab X-ray 
diffractometer with a Cu-K x-ray source (1.76 kW). The XRD patterns were taken from 4 
to 40° at scan rate of 0.00833 s-1 with a step size of 0.01°. Micropore Volume, NH3-TPD 
and 27Al MAS NMR were characterized for all the materials, the procedure and results are 
described elsewhere [45].  
 
3.3.2 CO-Temperature Program Reduction (CO-TPR) 
The number of Cu species that can be paired by extra framework oxygens were quantified 
by the evolution of CO2 using CO-TPR, as has been described by Da Costa et al. [80] and 
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others [81][82]. The CO-TPR experiments were carried out in a Micromeritics AutoChem 
II 2920 Chemisorption analyzer equipped with an Agilent 5975C mass selective detector 
(MSD) to monitor the formed or desorbed species. For each experiment, 40-50 mg of Cu-
SSZ-13 sample, with a particle size between 125 to 250 µm, was used. Initially, the samples 
were O2 activated by treating them with 50 cm3 min-1 of dry air (commercial grade, Indiana 
Oxygen) while heating at 0.167 K s-1 to 773 K and held this condition for 2 hours. In order 
to flush out all the physisorbed oxygen, the samples were treated with 50 cm3 min-1 UHP 
He (99.999 %, Indiana Oxygen) for 2 hours at ambient temperature. When the pretreatment 
was completed, He gas was replaced with 50 cm3 min-1 of CO (5 %, Indiana Oxygen) and 
the temperature was increased to 833 K at 0.167 K s-1. The CO2 produced in after each 
reaction was determined by the quantification of m/z = 44 signal. In order to account for 
the drift of the MSD, a reference standard was used by quantifying 0.5 cm3 of UHP Ar 
(99.999 %, Indiana Oxygen) after each CO-TPR. The m/z = 44 signal of each experiment 
was normalized by the signal of the standard used. A house-made calibration curve was 
used to correlate the normalized m/z = 44 signal to the mol of CO2 generated during the 
CO-TPR. This calibration curve was done by quantifying in the MSD known amounts of 
CO2, injected in the Autochem II by a calibrated syringe, while flowing 50 cm3 min-1 of 
He at ambient temperature. The range of the calibration curve was done between 0.1 and 
1.0 mL of CO2 at STP see figure B.1.   
 
3.3.3 In Situ UV-Vis-NIR 
UV-Vis-NIR spectroscopy was used to gain more information regarding Cu species 
structure. The spectra of the samples were taken in a Varian UV-VIS-NIR 
spectrophotometer (Cary 5000) with a diffuse reflectance accessory, consisting of two 
ellipsoidal mirrors (Harick Scientific Praying Mantis). The in situ measurements were 
taken on a Prayin Mantis diffuse reflectance attachment, where a stainless steel reaction 
chamber (denoted herein as in situ cell) for low pressure was used. The in situ cell set up 
allowed the continuous flow of gases while the temperature was controlled by the 
Eurotherm 2408 temperature controller using a thermocouple located in the middle of the 
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sample holder. The in situ cell was loaded with 60-70 mg of the Cu-SSZ-13 zeolite sample, 
with a particle size between 125-250 µm. Initially, the spectra were taken under ambient 
conditions before O2 activation was performed. In all the cases the O2 activation was done 
by treating the sample with 50 cm3 min-1 of dry air (commercial grade, Indiana oxygen) 
while heating the sample to 673 K, holding this conditions for 2 hours. The samples were 
cooled down to ambient temperature and the spectra were collected from 7 000 to 50 000 
cm-1 wavenumbers with a scan speed of 2 000 cm-1 min-1. Similarly, Spectra of BaSO4 
(99.9 %, Sigma-Aldrich) and H-SSZ-13 were used as a background reference, treating 
these reference materials with the same conditions as the samples.  This was done to correct 
for the absorption light of the parent zeolites and to account for changes on the equipment 
detector [85].  
 
3.3.4 Kinetics  
Dry NO oxidation kinetics were measured on a bench-top tubular reactor described by 
Verma et al. [43]. Cu-SSZ-13 samples were sieved to obtained a particle size between 125 
-250 µm and mixed with silica gel (Fisher Scientific) to have an appropriate high in order 
to avoid preferential flow of the reactants through the bed. Before conducting kinetic 
measurements, the samples were calcined by flowing 20 % of O2 (99.5 %, Indiana Oxygen) 
balanced with N2 (boil-off liquid nitrogen) while increasing the temperature to 673 K at 
0.167 K s-1. To ensure homogeneous conditions throughout the catalyst bed two 
thermocouple were installed to control temperature and conversion of NO below 10 % was 
guaranteed at steady state conditions. The measurements were taken by flowing 300 ppm 
of NO (3.6 % NO/Ar, Praxair), 10 % of O2 and 150 ppm NO2 (3.6 % NO2/Ar, Praxair) 
balanced with N2 with a total flow of 1500 cm3 min-1 at 473 K and 1 amt. The addition of 
NO2 was done to prevent inhibition of the forward reaction, thus validating our kinetics 
measurements [50]. Quantification of the gases was done by a Fourier Transform Infrared 
(FTIR) spectrometer (MKS Multigas™ 2030) every 0.95 s, using on-board calibrations 
curves. Apparent activation energy was measured by changing the temperature between 
543-573 K while apparent reaction orders were measured by changing gas concentration 
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within a small interval, NO (100 – 400 ppm), NO2 (100 – 250 ppm) and O2 (5 – 15 %). 
The reproducibility of the measurements was checked by periodically returning to a base 
case conditions 300 ppm of NO, 150 ppm NO2 and 10 % O2 at 473 K. 
 
3.4 Results 
3.4.1 Dry NO oxidation Kinetic on Cu-SSZ-13 different Si/Al ratios  
Kinetic measurements on Cu- exchanged SSZ-13 zeolites with different Si/Al ratios are 
presented in table 3.1. The rate of NO oxidation per mol of Cu at 550 K as a function of 
Cu/Al is presented in figure 3.1 which includes samples with Si/Al = 15 and 25. In addition, 
a sample exclusively with isolated Al in the framework, Si/Al =15, was included. In order 
to compare our results with the previous group contribution [43], the dry NO oxidation 
rates for Cu-SSZ-13 Si/Al = 4.5 were included. The forward reaction rates were calculated 
using the power law, Equation 3.1. The overall rate was corrected by taking into account 
the equilibrium factor β [86], and confirmed that it was much less than 1, Equation 3.2 and 






                                               Equation 3.1 





                                                                      Equation 3.3 
In this equations, K represents the equilibrium constant, β was less than 0.02 in all our 
measurements, and by measuring the dry NO oxidation rate at different temperature the 
pre exponential factor    and Activation Energy    were calculated for different catalyst. 
Similarly, dry NO oxidation rates were measured by changing the concentration of the 
reactants NO (100-400 ppm), NO2 (100-250 ppm) and O2 (5-15 %) at 573 K thus the 
apparent reaction orders a, b, and c were estimated.  
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Table 3-1 Summary of dry NO oxidation kinetic data of Cu-SSZ-13 with different Si/Al 
ratios and diverse Cu loadings 
Cu/Al 
Eapp  
( kJ mol-1)a 
Rfwd 








SSZ-13 Si/Al = 4.5 
0.2 n.m.d 0 n.m. n.m. n.m. 
0.31 45 0.6 1.5 -0.8 0.9 
0.35 51 1.4 1.4 -0.7 0.8 
0.39 53 1.5 1.5 -0.8 0.8 
1.6 55 1.7 1.6 -0.9 0.9 
SSZ-13 Si/Al = 15 
0.03 n.m. 0 n.m. n.m. n.m. 
0.24c 48 0.54 0.9 -0.9 0.7 
0.24 46 0.67 1.4 -0.6 0.7 
0.37 56 0.85 1.4 -0.6 0.7 
0.42 65 1.2 1.4 -0.8 0.7 
0.44 55 1.3 1.3 -0.6 0.7 
SSZ-13 Si/Al =25 
0.3 61 0.85 1.5 -0.8 0.9 
0.41 67 1 1.3 -1 0.8 
 a measured at 573 K. Associated error activation energy ± 5 kJ mol-1 and orders ± 1 
 b measured at dry NO oxidation conditions 300 ppm NO, 150 ppm NO2, 10% O2 and 
550 K. 
 c Samples synthesized with isolated Al on the SSZ-13 framework 100% of the Cu is 
exchanged as [Cu-OH ]+.  
d No measurable conversion was displayed, thus data is not reported. 
  
From figure 3.1, it can be seen that dry NO oxidation rates are measurable after a certain 
amount of Cu/Al value for all the different Si/Al ratios. In other words, it is clear that not 
all the Cu exchange in the zeolite is active for the oxidation of NO under dry conditions. 
Particularly, Verma et al. [43] demonstrated that only the fraction of Cu able to form dimers 
or aggregates CuxOy species were active for dry NO oxidation. It has been shown in our 
group that these species were only formed after the isolated Cu2+ saturated the 6MR in 
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SSZ-13 Si/Al = 4.5 [1], [28], [43]. Thus in the latter case, the fraction of Cu exchanged as 
isolated Cu2+, Cu/Al = 0.21, was inactive for dry NO oxidation, as shown in figure 3.1 In 
the case of SSZ-13 Si/Al = 15 and 25, the fraction of Cu active for NO oxidation is different 
from the case of Si/Al = 4.5. Considering Si/Al = 15, six samples were studied. The lowest 
Cu loading, Cu/Al = 0.03, was inactive for dry NO oxidation and only up to Cu/Al = 0.24 
reaction rates were measurable, increasing their value with the addition of Cu up to Cu/Al 
= 0.44. Likewise, dry NO rates on Si/Al = 25 were measureable in two samples which 
resulted active for NO oxidation. The reaction rate was proportional to the Cu content for 
these two samples. However, it has to be mentioned that our results could not be 
rationalized by the same active species proposed by Verma et al. [45], since a complete 
study for Cu speciation was done for the samples used in this study and no bulk Cu Clusters, 

























Apparent reaction orders and activation energies are summarized in table 3.1. Apparent 
activation energies in all the samples fluctuated between 46 to 67 kJ mol-1, having the 
largest value the samples with Si/Al = 25. Our results agree with the activation energy 
measure by Verma et al. [43], however in our case the values tend to be at least 10 kJ mol-
1 higher for some samples. The variation can be explained by the experimental error of ± 5 
kJ mol-1 in both studies. Activation energy measured by other studies on SSZ-13 were 
around ~58 kJ mol-1 [44] and 56 kJ mol-1 [25], in the last case the catalyst was a commercial 
CHA structure catalyst. Similarly, Activation energy for NO oxidation from the study of 
Gao et al. [56] was around 70 kJ mol-1 (SSZ-13 Si/Al = 15), although they included H2O 
in the feed. On the other hand, apparent reaction orders results agree within the error ± 0.2 
for all the Si/Al ratios i.e. NO order 1.5 ± 0.2, NO2 order -0.8 ± 0.2 and O2 0.7± 0.2. The 
results presented in this contribution agree very well with the reaction orders measured by 
Verma et al. [43], namely, NO=1.6 ± 0.1, NO2 = -0.8 ± 0.1 and O2 = 0.9 ± 0.1. Moreover, 
our reaction orders results agree qualitatively with others NO decomposition studies on 
zeolites [25][8] and Pt [86][87] and Pd [88] support catalyst. In all the cases NO and O2 
exhibit a positive reaction order, around 1 and 0.5 respectively, while the NO2 covers the 
Figure 3-1 Dry No oxidation rate per mol of Cu measured at 550 K and 300 ppm NO, 150 
ppm NO2 and 10% O2 as a function of Cu/Al ratio for SSZ-13 catalyst with different Si/Al 
ratios. 





















































catalyst surface, thus causing the negative reaction order. Given the quantitative agreement 
on the kinetics parameters from the dry NO oxidation of SSZ-13 for different Si/Al ratios, 
it can be suggested that the same reaction mechanism is occurring in the oxidation of NO. 
However, as it was mentioned before and explained in more detail in the next section, the 
active site assigned for the Si/Al = 4.5 samples, Cu Cluster CuxOy, is not the same for Si/Al 
= 15 and 25, although a common chemical feature is suggested.  
 
3.4.2 CO-TPR and correlation with dry NO Oxidation Kinetics 
CO-TPR was used to chemically characterized the active sites for the dry NO oxidation 
reaction, taking into account that Cu dimers or oligomer CuxOy has been identified as active 
sites for SSZ-13 S/Al = 4.5 [43]. Since the presence of stable clusters CuxOy was ruled out 
in the samples used in this study [45], the quantification of Cu dimers was done by 
following the evolution of CO2 during the reduction with CO, as it has been reported 
previously for ZSM-5 [80][81][82]. CO-TPR profiles for different SSZ-13 Si/Al ratios are 
presented in in Figure 3.2 where the normalized CO2 contribution is plotted against 
temperature. CO2 contribution was observed to start as soon as the temperature increased, 
and two main peaks can be distinguished in almost all the samples, one around 443 K and 
the other at 533 K. Nevertheless, in both SSZ-13 Si/Al = 25 samples a broad peak is 
exhibited. The production of CO2 at lower temperature is in line with previous 
contributions which estimate that the onset of CO reduction was as low as 320 K [80], 
while Beutel et al. [82] proposed the NO and CO oxidation on Cu oxocations even at 
ambient temperature. Regarding the broad peak observed in CO-TPR profile for SSZ-13 
Si/Al = 25, our results agree qualitatively with the study done by Da Costa et al.[80] in 
ZSM-5. They found ill-resolved peaks in almost all the samples where they performed CO-
TPR, assigning this behavior to the different reactivity of the Cu species towards the CO. 
This may suggest the formation of multiple Cu-Ox-Cu structures with varied local 
coordination. On the basis of chemical characterization [81] and spectroscopic techniques 
[82] the assignments of the CO-TPR peaks have been done for Cu-ZMS-5. The peak 
around 400 K have been assigned to the reduction of [Cu-O-Cu]+2 while the peak at 550 K 
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have been assigned to small CuO particles. In our case, it is very convoluted to elaborate 
on the specific structure that is reduced in each peak, however we can rule out the presence 
of the CuO particles on the light of our comprehensive speciation study [45].  
 
 
From the best of our knowledge, this is the first time that CO-TPR is used in SSZ-13 to 
characterized dimeric structures that can be active for NO oxidation, since TPR techniques 
have been used in SSZ-13 to study the reducibility of Cu+2 species by H2 [21][56]. 
Nonetheless, in our case CO was selected because it can preferentially interact with the 
extra framework oxygen in the Cu species while it cannot reduce Cu+2 monomers by not 
having available protons. Therefore, it was quantified the production of CO2 for every 
sample after the CO-TPR and every molecule of CO2 was related with the reduction of a 
dimer with either one oxygen or two oxygen in the dimer structure according to the 
equation 3.4 & 3.5 
 
 






























 Si/Al =15 Cu/Al = 0.44
 Si/Al =15 Cu/Al = 0.37
 Si/Al =25 Cu/Al = 0.41
 Si/Al =25 Cu/Al = 0.3
 Si/Al =15 Cu/Al = 0.24 Isolated Al
 Si/Al =15 Cu/Al = 0.24
 Si/Al =15 Cu/Al = 0.03
 Si/Al =4.5 Cu/Al = 0.09
 Si/Al =15 Cu/Al = 0.42
 Si/Al =15 Cu/Al = 0.21
Figure 3-2 Evolution of CO2 detected by the m/z =44 signal normalized by internal 
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The equation 3.4 & 3.5, are suggested reactions for the reduction of Cu2Ox species with 
CO, based on dimers structures proposed in the literature on Copper-Oxygen chemistry in 
zeolites [31], [89]–[92]. In other words, equation 3.4 predicts the formation of 1 mol of 
CO2 after the reduction of two mol of Cu, while stoichiometry in equation 3.5 predicts the 
formation of 2 mol of CO2  per reduction of 2 mol of Cu. The ratio between CO2, measured 
by CO-TPR, and the total Cu fraction in each samples is presented in table 3.2 According 
to the results, CO2/Cutotal ratios were lower than 0.5, which could indicate that equation 3.4 
would best describe the reaction occurring during CO-TPR. However, no structure for the 
dimer (Cu2+-O2--Cu2+), could be identified by the UV-VIS spectroscopy (vide infra). 
Therefore, the equation 3.5 is most likely to represent the reaction between the dimer and 
CO.  
 
As it was pointed out previously a fraction of Cu that was exchanged as isolated Cu2+ 
cannot be reduced by CO, thus it is expected that the dimers are formed by the fraction of 
the Cu that can pair such as [Cu-OH]+. Therefore, the CO2 produced on CO-TPR is related 
with the Cu fraction that is exchanged as [Cu-OH]+, table 3.2. For almost all the samples 
the ratio CO2/[Cu-OH]+ is less than 0.5, decreasing this ratio while decreasing the amount 
of Cu in the sample. These results imply that only the fraction of Cu that was exchanged 
as [Cu-OH]+  is close enough to pair with an extra lattice O2. For example, the Si/Al = 15 
Cu/Al = 0.44 sample has 79 % of the Cu exchanged as [Cu-OH]+, and only  50 % of that 
[Cu-OH]+  fraction can form dimers. The fraction of [Cu-OH]+ that formed dimers decrease 
for SSZ-13 samples with more diluted Al in the framework. The same result is observed 
for the sample with 100 % of Cu as [Cu-OH]+, where only 24 % of the [Cu-OH]+ can form 
dimers. On the other hand, a negligible contribution of CO2 was measured for samples with 
exclusively isolated Cu2+ exchanged in the framework. Our results qualitatively agree with 
the observations made by Kwak et al. [93]. They measured the reduction of [Cu-OH]+ 
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species located in the 8MR under CO/He environment, while the Cu2+ (isolated Cu2+) 
species located in the 6MR did not reduced. This CO reduction was conducted in an O2-
activated sample, similarly as the pretreatment conditions done in our samples. 
 
Finally, the total fraction of the Cu and the [Cu-OH]+, titrated by CO-TPR, were plotted 
versus the dry NO oxidation rate per mol Cu at 543 K, figure 3.3 and 3.4, respectively. In 
both cases, a linear correlation is observed, implying that only the fraction of Cu that was 
titrated by CO is active for the oxidation of NO under dry conditions, while the fraction of 
isolated Cu2+ is inactive. Similar structure-activity study using CO-TPR to titrated Cu 
dimers was done by Da Costa et al. [80]. They found a direct correlation between the 
formation of Cu dimer and the redox cycles required for NO decomposition reaction in 
ZSM-5. On the other hand, it can be inferred from the linear correlation with [Cu-OH]+ 
fraction titrated by CO, that the dimers may be formed by the interaction of [Cu-OH]+ sites. 
As can be seen from the figure 3.3 and 3.4 the correlation holds for different Si/Al ratios 
and even for samples that were synthesized independently with a similar Cu/Al ~0.42, 

















Table 3-2 Quantification of fraction of Cu titrated by CO after pairing with extra 
framework O2. Ratio between mol of CO2 produce during CO-TRP and total fraction of 







4.5 0.09 1.7 0.005 0 
15 
0.03 0.18 0.03 0 
0.24 1.2 0.24 0.24 
0.24 1.7 0.24 0.40 
0.37 2.4 0.34 0.41 
0.42 2.8 0.41 0.52 
0.44 2.9 0.40 0.50 
25 
0.3 1.06 0.29 0.34 













Figure 3-3 Correlation between rate of NO oxidation (per mol Cu) evaluated at 573 K and 
the ratio of mol of CO2 produce during CO-TPR and the total mol of Cu in each catalyst. 
The unfilled circle represents the sample with isolated Al in the framework. 
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Figure 3-4 Correlation between rate of NO oxidation (per mol Cu) evaluated at 573 K and 
the ratio of mol of CO2 produce during CO-TPR and mol of [Cu-OH]+ measured by NH3 
titration methods, in each catalyst. The unfilled circle represents the sample with isolated 
Al in the framework 
 
3.4.3 Structure analysis using in situ UV-Vis-IR Spectroscopy  
Chemical characterization on the SSZ-13 samples with different Si/Al ratios quantified the 
fraction of Cu that was exchanged as isolated Cu2+, [Cu-OH]+ and the total fraction of Cu 
that can be titrated by CO [45]. This fraction was assigned to the amount of [Cu-OH]+ that 
interact and formed dimers which were the active species for dry NO oxidation kinetics. 
However, with all this information the identification of the structures was still not achieved. 
Consequently, motivated by previous studies [76][77][94], in situ UV-Vis-IR spectroscopy 
was used to identify the structures formed under oxygen conditions at high temperature. In 
figure 3.5, UV-Vis spectra are plotted at ambient conditions and after O2 activation for 
SSZ-13 Si/Al = 4.5 (Figure 3.5a), and Si/Al = 15 (Figure 3.5b). In both samples, spectra at 
ambient conditions exhibit two main features. One absorption band at 12 500 cm-1, which 
has been assigned to the hydrated Cu2+ [Cu(H2O)6]2+ signature [1][60][59], and the 
absorption band at around 45 000 cm-1, related with the charge transfer between the metal 
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and the oxygen from the framework [53]. According to our speciation model [45] the Si/Al 
= 4.5 (figure 3.5a) sample has exclusively isolated Cu2+, while the sample with Si/Al = 15 
(figure 3.5b), 100 % of the Cu as [Cu-OH]+. However, under ambient conditions both Cu 
species are surrounded by water, increasing the symmetry of the structure and resulting 
indistinguishable under UV-Vis [53][45], displaying a single feature around 12 500 cm-1.  
 
Conversely, once the samples were heated under O2 environment four absorption bands, 
on the d-d transition region, emerged only on the Si/Al = 15 sample, figure 3.5b, while no 
additional features were observed on Si/Al = 4.5 sample. Additionally, two ill-defined 
features appeared on the charge transfer region in the case of SSZ-13 Si/Al = 15 sample. 
The emerged bands on the Si/Al = 15 are centered at 11,100 cm-1, 13 600 cm-1, 16 500 cm-
1 and 19 700 cm-1, whereas the featured at 45 000 cm-1 shift to a lower energy at 40 000 
cm-1 with an ill-defined feature centered at 27 600 cm-1.  
 
The same result was observed by Giordanino et al. [53] after O2 activation on SSZ-13 Si/Al 
= 15 Cu/Al = 0.44 sample at high temperature. The sample used in their study had 
Figure 3-5 UV-Vis-NIR spectra for SSZ-13 zeolites with Si/Al 4.5 Cu/Al =0.09 (Cu is 
exchanged exclusively as isolated Cu2+) (a) and Si/Al = 15 Cu/Al =0.24 (100% of the Cu 
is exchanged as [Cu-OH]+ (b), before (black line) and after O2 activation (red line). 
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practically the same concentration of Cu than the sample presented in figure B6, implying 
that this phenomenon is reproducible. In the same contribution, they did not define any 
structure or species for the bands observed on SSZ-13, although they highlighted that it 
was a specie formed under the influence of the framework, since the four bands were not 
observed for ZSM-5 nor Beta frameworks with similar amount of Cu. In a follow-up paper, 
Godiksen et al. [24], explained the UV-Vis spectra obtained by Girodanino et al, after O2 
activation. Using EPR spectroscopy and Angular Overlap model (AOM) they assigned the 
4 bands to the Cu2+ species located in the 6MR, which they estimated to be 18 % of the 
total Cu content. Nevertheless, their explanation contradicts our experimental evidence for 
a sample with 100% of the Cu exchanged as isolated Cu2+ in the 6MR [1][45], Si/Al = 4.5 
Cu/Al = 0.09, figure 3.5a. As it can be seen from the UV-Vis spectra, figure 3.5a after the 
O2 activation no further bands emerge on the d-d transition. On the contrary, the band at 
12 500 cm-1 increased its intensity and slightly shifted to a lower energy, which is the same 
pattern observed for the band at 45 000 cm-1. The increase of the bands in the spectra can 
be assigned to a higher interaction of the isolated Cu2+ species with the framework, after 
the dehydration process [18][23][60], but clearly cannot generate any further absorption 
bands. Additional UV-Vis spectra from samples with exclusive isolated Cu2+ exchanged 
in the framework are presented in figure B4. Once more, the feature at 12 500 cm-1 




To deconvolute the effect of the different Cu species in the UV-Vis spectra after O2 
activation, samples synthesized with exclusively [Cu-OH]+ species were O2-activated and 
analyzed under UV-Vis. In figure 3.6 the spectra of two SSZ-13 samples with Cu 
exchanged as [Cu-OH]+ species are presented after O2 activation. Four bands appeared in 
the d-d transition at the same position observed for other samples with measurable amount 
of [Cu-OH]+. Thus, the experimental evidences cast doubt on the explanation given by 
Godiksen et al. [24], but still does not rule out the assignment of the features to the 
formation of dimers. In a preliminary work done by Christopher Paolucci and Hui Lui 
using ab initio Molecular Dynamics, they were able to calculated the formation of two out 
of the four absorption bands in the d-d transition namely, 11 100 cm-1, 13 600 cm-1. They 
assigned those peaks to be the signature of [Cu-OH]+ species (vide infra). Nevertheless, 
the calculation could not reproduce the formation of the fourth peak at 19 700cm-1.  
 
In order to narrow down the possibility of the formation of Cu dimers a highly disperse Al 
SSZ-13 zeolite was synthesized and exchanged with small amount of Cu. Thus, by isolating 
















Figure 3-6 UV-Vis-NIR spectra of Cu-SSZ-13 Si/Al = 15 Cu/Al = 0.16 and 0.24 samples 




the [Cu-OH]+ interaction, the formation of the dimer structures would become less 
probable after O2 activation, and its characteristic band will not be present in UV-Vis. In 
Figure 3.7 the UV-Vis spectra from a series of Cu-SSZ-13 Si/Al = 75 samples are presented 
after O2 activation. After O2 activation three absorption bands were observed at 11 100 cm-
1, 13 600 cm-1 and 16 500 cm-1, for all the samples i.e. Cu/Al = 0.05, 0.08 and 0.15. 
However, the feature at 19 700 cm-1 can be hardly notice in the samples with the lowest Cu 
loading, while its contribution is observed to increase with the amount of Cu in the set of 
samples. Additionally, CO reduction on O2-activated SSZ-13 (Si/Al = 75 Cu/Al = 0.15) 
selectively decrease the intensity of absorption bands at 19 700 cm-1, 16 500 cm-1 and 27 
600 cm-1, as presented in figure B7. Based on our experimental results it can be suggested 
that the peak at 19 700cm-1 and 27 600 cm-1 are related with the formation of a Cu dimer 
structure, which from the enzyme literature can be speculated to have a (µ-ƞ2: ƞ2-peroxo)-
dicopper type of structure [76][95]. UV-Vis characterization along with the CO-TPR 
quantification can be coupled to suggest that the interaction of [Cu-OH]+ species can form 









Figure 3-7 UV-Vis spectra of SSZ-13 Si/Al = 75 Cu/Al = 0.05; 0.08 and 0.15 after O2 
activation. Absorption band centered at 19 700 cm-1 increases as the Cu is increased in the 
highly dispersed SSZ-13 framework. 
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3.5 Discussion  
3.5.1 Dry NO Oxidation Kinetic and Dimers Quantification on SSZ-13   
Cu dimer species are identified to be the active site for dry NO oxidation on the basis of 
the linear correlation between the dry NO oxidation rate and the amount of total paired Cu 
titrated by CO-TPR. On the other hand, NO oxidation rates from different Si/Al ratios show 
a cutoff point in which Cu becomes active for NO oxidation. This cutoff point was related 
with the maximum amount of isolated Cu2+ located in the 6MR [1], which was identified 
to be inactive for dry NO oxidation Verma et al. [43]. They considered the case of SSZ-13 
Si/Al = 4.5, where the Cu exchanged below Cu/Al = 0.2 was isolated Cu2+ species, inactive 
for dry NO oxidation. They showed that additional exchange of Cu agglomerate into CuxOy 
species, which were active for NO oxidation. A similar trend is found for the case of SSZ-
13 Si/Al = 15 and 25 in our study. The samples with Cu exchanged as monomeric Cu2+, 
Cu/Al ≤ 0.09 for Si/Al = 15 and Cu/Al ≤ 0.05 for Si/Al = 25, were inactive for NO oxidation. 
However, further exchanged of Cu did not agglomerated as stable CuxOy as was the case 
for Si/Al = 4.5, instead it was exchanged as [Cu-OH]+ [45]. CO-TPR results show that the 
interaction of the [Cu-OH]+ species is involved in the formation of the dimers active for 
NO oxidation, since the NO oxidation rates correlate with the amount of CO2 generated 
per fraction of [Cu-OH]+. These results go along with our proposed speciation model in 
SSZ-13 [45], where for diluted SSZ-13, less Cu will be exchanged as Cu2+ in 6MR while 
a higher [Cu-OH]+ fraction will populate the framework. Besides, the titration of dimers 
via CO-TPR provides evidence regarding the proximity of the exchanged [Cu-OH]+, at 
least under dry conditions where the mobility of the Cu is expected to be minimum. 
Similarly, our results are in line with literature reports, that identify Cu dimers as the active 
sites for the NO oxidation in ZSM-5 [73][8], [80], [96], and SSZ-13 [43].  
 
The dimers identify in our samples (SSZ-13 Si/Al= 15, 25) are dynamic species, active for 
NO oxidation but at the same time they can be hydrolyzed into [Cu-OH]+,  active for NH3-
SCR at 473 K [45]. Whereas the dimers identified in SSZ-13 Si/Al =4.5 are stable centers, 
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inactive for NH3-SCR at 473 K. That is, the formation of dimers identified in this study, 
are the result of calcination conditions that can be reversible by the interaction with water, 
while the dimers identified in SSZ-13 Si/Al = 4.5 are stable Cu cluster, agglomerated near 
the 8MR after the saturation of the 6MR by monomeric Cu2+ [43].  
 
The most likely pathway for the formation of the Cu dimers under the O2 activation found 
in our samples, involved the auto-reduction of [Cu-OH]+ and the subsequent cleave of 
molecular oxygen done by the reduced Cu+ sites. The increase in temperature can desorb 
H2O and OH ligands in the Cu species, reducing the [Cu-OH]+  to Cu+1 via auto-reduction, 
as it is suggested from the XANES results in this set of samples [45]. As has been shown 
in other studies [23][69], where increasing the temperature under inert gas in samples with 
[Cu-OH]+ species cause the reduction of a fraction of Cu. At the same time, the O2 
molecules in the gas phase can be cleaved by two adjacent Cu+, to finally form the dimeric 
species with the characteristic features showed in our UV-Vis-NIR results. Therefore, 
according to this explanation the auto reduction phenomena and the gas phase O2 are 
necessary to form the dimers under dry conditions.  
 
The auto-reduction phenomenon has been used to explained the reduction of the Cu2+ 
fraction under thermal conditions either in vacuum or inert gas [23], [24], [45][75][79][56]. 
This is generally described by two different mechanisms, condensation [7] and 
disproportionation [97]. The condensation mechanism is defined by the interaction of two 
adjacent [Cu-OH]+ species to produce H2O and a single- bridge Cu dimer (Cu2+-O2-- Cu2+), 
which would be reduced upon increased of temperature [75][81]. In the disproportionation 
mechanism part of the [Cu-OH]+ can be reduced to produce Cu+ and OH radicals, while 
the remaining [Cu-OH]+ can further interact with the OH radical to produce Cu2+-O- 
species and H2O [97]. It would be convoluted to explain the data presented in this 
contribution by using any of these mechanisms, especially because the limited 
understanding of the intermediates steps that those involved. However, the 
disproportionation mechanism can be rule out as an explanation for the auto reduction in 
our samples. To be exact, one of the disproportionation products, Cu2+-O-, is not a stable 
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configuration in SSZ-13, according to the DFT computational calculation [43]. Besides, no 
absorption band in the UV-Vis-IR spectra was found to correspond to Cu2+-O-  
configuration.  
 
The implication of the dimeric species formation, via [Cu-OH]+ interaction in SSZ-13, is 
the possible activation of  undesirable oxidation reactions, during NH3-SCR under high 
temperatures. Experimental evidence suggests that NH3-SCR activity decrease above 603 
K in commercial catalyst [71], [72].  This has been explained by the ‘parasitic’ NH3 
oxidation reaction, which was proposed to be catalyzed by Cu-dimers [22]. Therefore, the 
evidence provided in this study show quantitative the amount of Cu that eventually can 
pair to form dimers. Specially at those temperatures where NH3 would desorb of the surface 
and the environment could be closely reproduced by the dry NO oxidation environment 
study here. Thus, it could be considered that under high temperature these dimers can be 
formed and activate undesirable reactions, like NH3 oxidation. However, more evidence is 
necessary in order to stablish a connection between the active species for NH3 oxidation 
and the paired Cu structures formed under dry conditions. 
 
On the other hand, the quantification of the number of dimer formed under dry conditions, 
provided in this study, highlight the fraction of Cu that is close enough to each other to be 
paired by extra lattice O2. Indeed, this fraction could be changed by introducing strong 
adsorbed species such as, NH3, that affects the mobility and the interaction of Cu [30][45] 
[65]. The effect of NH3 ligand could increase the mobility and pairing of the Cu for a given 
Si/Al ratio SSZ-13 zeolite [18][22][98]. Hence, for a given Si/Al ratio, more Cu species 
can be solvated and paired in presence of NH3 than under dry conditions. This can be 
concluded by comparing the standard NH3-SCR rates with the dry NO oxidation rates, 
considering that both reaction have been proposed to occurred via formation of Cu dimers 
[41][43][45][99]. NH3-SCR turnover rates (TOR) are one order of magnitude higher than 
dry NO oxidation TOR, measure in this contribution and reported elsewhere [30][1][43] 
[22][56], suggesting among others, a higher interaction of Cu when NH3 is present. This 
explain the higher NH3-SCR TOR for SSZ-13 Si/Al = 15 Cu/Al = 0.37, compared to SSZ-
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13 Si/Al = 25 Cu/Al = 0.21, while both samples have the same dry NO oxidation TOR. 
Under dry conditions both samples can pair almost the same fraction of Cu, however, when 
NH3 is present facilitates Cu mobility and diffusion through the zeolite, producing more 
dimers thus increasing the TOR [45]. 
 
The consistency of the NO oxidation apparent reaction orders and activation energy for 
different Si/Al ratios Cu-SSZ-13 samples, suggests that kinetically relevant steps are the 
same regardless the content of Al, even for the sample that was synthesized with only 
isolated Al in the framework. That is, the oxidation of the NO on SSZ-13 merely requires 
the formation of the Cu-Ox-Cu bond, either by the large Cu aggregates, CuxOy, or by the 
reversible interaction of the [Cu-OH]+ species. Therefore, the apparent reaction orders 
measure in this study, can be described by the reaction mechanism proposed previously in 
our group by Verma et al. [43]. In this mechanism the rate determining step was proposed 
to be the reaction of NO with the activated oxygen in the dimer, and adsorbed oxygen (O*) 
was predicted to be the most stable intermediate. Similar reaction mechanisms have been 
proposed for NO decomposition in Cu-ZSM-5 [8][96][100] and Chabazite zeolites [25], 
even for Pt or Pd supported catalyst [87][88]. In all the cases the O* is predicted to be the 
most abundant intermediate and mechanisms proposed for zeolites have reconciled the 
apparent reaction orders assuming that the rate limiting step is the reaction of NO with the 
adsorbed oxygen atom to produce NO2. 
 
3.5.2 On the Cu-SSZ-13 UV-Vis-NIR Spectra and Dimer Configuration 
In situ UV-Vis-NIR spectroscopy was used to study the dimer structure formed after the 
interaction of the [Cu-OH]+ species. For the samples analyzed in this study, the spectra 
under ambient conditions reveal a d-d transition feature at 12 500 cm-1 and another broad 
absorption peak around 45 000 cm-1. The former feature has been assigned to be 
proportional to the amount of hydrated Cu2+ in the zeolite [1][59], while the latter feature 
is the contribution from the charge transfer interaction between the Cu and the O from the 
framework [53]. This implies that in our samples there is no Cu exchanged as large Cu 
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aggregates CuxOy, instead we have monomeric Cu2+, exchanged either as isolates Cu2+ or 
as [Cu-OH]+, in line with our previous results [45]. As it was mentioned, both species 
exhibit the same absorption band, at 12 500 cm-1, under ambient conditions, which is 
explained by the high symmetry of the Cu hexa-aqua complex. In other words, regardless 
of the Cu2+ species, the H2O ligands around them will induce the Jahn teller effect by 
forming an octahedral structure, with high symmetry. However, this configuration 
drastically changed when the calcination process is done in the samples. SSZ-13 zeolites, 
with exclusively isolated Cu2+ species, would exhibit a higher intensity absorption band 
still located at 12 500 cm-1 after O2 activation. The increase in intensity of the d-d transition 
feature has been explained by the decrease in the symmetry of the Cu species. After 
increasing temperature, H2O ligands would be remove and the Cu2+ would interact strongly 
with the framework in a distorted fashion [18][23][60]. On the other hand, O2 activation 
on samples with a fraction of Cu as [Cu-OH]+ would produce a distinctive spectra, with 
four different bands in the d-d transition and two broad features around 28 000 cm-1 and 35 
000 cm-1, in the charge transfer region. The same spectrum has been observed previously 
in literature for SSZ-13 Si/Al = 15 Cu/Al = 0.44 sample with at least 50 % of the total Cu 
exchanged as [Cu-OH]+ [24][53]. The assigned of these four different bands to two square 
planar Cu2+ low symmetry configuration, located in the 6MR [24] contradicts our 
experimental data. Our UV-Vis spectra for samples with isolated Cu2+ located in the 6MR 
only exhibit a unique feature in the d-d transition after O2 activation. On the contrary, their 
AOM model predicts a different configuration, although they cautioned that their 
calculation could not be accurate given the input information provide to the model. While 
in our case, careful synthesis methods, chemical titration, spectroscopy and DTF models 
validate the configuration of the Cu. 
 
In order to identify the [Cu-OH]+ contribution on the UV-Vis-IR spectra after O2 activation 
two SSZ-13 samples with isolated Al were synthesized. Thus, in these samples no isolated 
Cu+2 were exchanged, only [Cu-OH]+ could be anchored to the single Al on the framework. 
UV-Vis-IR spectra after O2 activation for these two samples exhibit four bands in the d-d 
transition. Deconvolution of the [Cu-OH]+ UV-Vis contribution was done by the CO 
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reduction of possible dimers structures formed on SSZ-13 sample with dispersed Al (Si/Al 
= 75 Cu/Al = 0.15). The result of two d-d transition band centered at 11 000 and 13 970 
cm-1 resemble with preliminary calculations, using ab initio Molecular Dynamic 
Simulation (AIMD), which predict two absorption bands for SSZ-13 containing only [Cu-
OH]+ under thermal conditions (see figure B.5). From the best of our knowledge, this is 
the first time that a concise experimental and theoretical prove is presented to explain the 
spectra for SSZ-13 samples after O2 activation. However, some scatter arguments and 
experimental evidence in MOR zeolites can be found in literature to explain possible 
structure that can exhibit the similar absorption bands. Giordannio et al.[53], speculate 
about the different ligands on the Cu SSZ-13 such as OH and H2O, compared with the 
ZSM-5 and Beta samples. They argued that the variety of ligands, with different 
electronegativity, could produce more distorted sites changing the absorption feature to 
higher energy positions. Similarly, in MOR literature, it can be found that after thermal 
activation features around 13 600 cm-1 and 16 750 cm-1 will appear [77]. This has been 
explained by the exchanged of two mononuclear Cu+2 with square pyramidal coordination 
and square planar coordination in a single Al site, respectively [78]. Henceforth, subtle 
suggestions of [Cu-OH]+ have been proposed to explain the UV-Vis spectra on SSZ-13. 
Conversely, in this contribution we assigned the absorption bands at 11 200 cm-1, 13 600 
cm-1 and 16 500 cm-1 to represent dehydrated [Cu-OH]+ species exchanged in the SSZ-13 
zeolites. This contribution clarify the nature of the d-d absorption bands on SSZ-13, and 
provide a new technique to characterize qualitatively [Cu-OH]+ species by using UV-Vis 
spectroscopy.  
 
UV-Vis spectroscopy was used to shed light on the Cu dimer structure, however no 
resolved peaks could be identified on the charge transfer region, where other authors have 
found Cu dimer structures in ZSM-5 [73][76][94] and MOR[77]. Specifically, Bis(µ-oxo) 
dicopper was identified to be related with the band at 22 700 cm-1 in Cu-ZSM-5. Since this 
band was not present in our results we can rule out the possibility of this configuration for 
the dimer formed in SSZ-13. In order to elucidate other contribution that can be assigned 
to dimer configuration, the absorption band at 19 700 cm-1 was examined. According to 
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synthetic dicopper model complexes, bands around 17 000 - 19 800 cm-1 and 20 400 - 23 
800 cm-1 have been assigned to (µ-ƞ2: ƞ2-peroxo)-dicopper of planar and bent configuration, 
respectively [76][95][101].  
 
The UV-Vis spectra from the SSZ-13 Si/Al = 75 samples provide experimental proof to 
deconvolute the configuration that could generate the band at 19 700 cm-1. At such dilute 
Al concentration in the framework, the Cu exchanged would expect to be mainly [Cu-OH]+, 
as it was predicted by statistical model [1]. However, the increase of feature at 19 700 cm-
1 while increasing the amount of Cu exchange in the zeolite suggest that the additional 
pairing of the Cu can be possible, thus generating the fourth feature in the d-d region. This 
can be explained by considering that at high dilution of Al and low Cu concentration, [Cu-
OH]+ species will be far apart unable to pair after O2 activation, namely, Si/Al = 75 Cu/Al 
= 0.05. After more Cu is exchanged in the zeolite, the probability of Cu pairing is higher 
and the band intensity increases accordingly. Based on presented experimental evidence 
and the AIMD simulation the band at 19 700 cm-1 found in SSZ-13 samples after O2 
activation can be assigned to (µ-ƞ2: ƞ2-peroxo)-dicopper, although further work needs to 
be done to elucidate the precise configuration. We propose the use of RAMAN as a 
complementary and more sensible technique in order to obtain more information about the 
configuration [77].  
 
3.6 Conclusion  
Identification of active species for oxidation of NO under dry conditions on SSZ-13 was 
done by the use of kinetic, CO-TPR and UV-Vis-NIR spectroscopy. It was found that SSZ-
13 samples that could exchange [Cu-OH]+ species in the framework can generate dimers 
after O2 activation, which were identified as active sites for dry NO oxidation. Specifically, 
SSZ-13 samples with Si/Al = 15 and 25 and different Cu loadings were used to quantify 
the fraction of Cu titrated by CO and their activity for the decomposition of NO under dry 
conditions. The dry NO oxidation rates per mol of Cu linearly correlate with the total 
fraction of Cu and the fraction of [Cu-OH]+ titrated by CO. These results were compared 
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with previous studies on SSZ-13 Si/Al = 4.5. Although the dry NO oxidation kinetic 
parameters were similar for all the Si/Al ratios, the dimers identified in this contribution 
differ from the oligomers CuxOy species proposed for Si/Al = 4.5. The dimers quantified 
in this study are static structures that can be formed under dry conditions, however are not 
stable under hydrated conditions. Furthermore, this observation implies that the only 
requirement to oxidize NO is the formation of Cu-Ox-Cu bond. On the contrary, it was 
corroborated that isolated Cu2+ is not involved in the dry NO oxidation reaction. 
 
Additionally, deconvolution of Cu-SSZ-13 UV-Vis spectra was done by synthesizing SSZ-
13 samples that selectively exchanged either isolated Cu2+ or [Cu-OH]+  in the framework. 
Thus, samples with the total fraction of Cu exchanged as [Cu-OH]+ exhibit four absorption 
bands in the d-d transition after O2 activation namely, 11 200 cm-1, 13 600 cm-1, 16 500 
cm-1 and 19 700 cm-1. Whereas, samples with only isolated Cu2+ exchanged in SSZ-13 
exclusively display one band at 12 500 cm-1 after O2 activation. The experimental results 
were confirmed by preliminary ab initio Molecular Dynamic simulations (AIMD), which 
assigned the d-d transition multi-peak spectra to the [Cu-OH]+ species exchanged in SSZ-
13. However, the absorption band at 19 700 cm-1 was not identified in the AIMD; thus 
synthesis methods were used to identify the nature of this absorption band. Specifically, a 
series of SSZ-13 samples with highly dispersed Al (Si/Al = 75) were Cu-exchanged with 
low Cu loadings. The sample with the lowest amount of Cu did not exhibit the absorption 
band at 19 700 cm-1, while the band was observed once the amount of Cu was increased in 
the SSZ-13 Si/Al = 75 samples. By constraining the formation of dimers, isolating the 
interaction of [Cu-OH]+, the band that was not identified by AIMD, was initially assigned 
to (µ-ƞ2: ƞ2-peroxo)-dicopper, using enzyme Cu dimers assignments. These results would 
help to clarify the assignment of the d-d transition features for Cu-SSZ-13 and provide 







CHAPTER 4. HYDROTHERMAL STABILITY ON SMALL PORE ZEOLITES 
4.1 Abstract  
A stepwise approach was used to study the hydrothermal stability and NH3-SCR activity 
on small pore zeolites e.g. SSZ-13, SSZ-39, and RTH. By evaluating the structure changes 
and catalytic performance it was confirmed the high hydrothermal stability of small pore 
zeolites. Similarly, the change in the structure and actives sites were correlated with the 
hydrothermal aging process and the standard NH3-SCR conditions. Hydrothermal aging 
process primarily alters the Al on the framework reducing the Brønsted acid sites, 
micropore volume and increasing the extra-framework Al (EFAl) species while leaving 
intact the Cu species. On the contrary, NH3-SCR gases effect is observed in the aged 
samples, promoting the interaction of active Cu species with the EFAl. The result presented 
here, suggest that the interaction of active Cu species with EFAl produce an inactive phase 
that decreases the NH3-SCR activity at 473 K and blocks the small pores. Therefore, it is 
suggested that two parallel phenomena promote the deactivation of active sites in small 
pore zeolites under hydrothermal conditions; the production of EFAl and their interaction 
with solvated Cu species. Additionally, diffusion limitation problems display in kinetic 
results, suggest that dimensionality in the small pores zeolites should be taken into account 
when considering potential zeolites for NH3-SCR applications.  
 
4.2 Introduction 
Stricter environmental regulations towards the reduction of Nitrous oxides (NOx) in diesel 
engines all over the world have pushed engine makers to develop better technologies in the 
exhaust system [64]. Selective Catalytic Reduction (SCR) of NOx with NH3 has bee
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shown to be a very efficient exhaust technology, specifically using Copper-exchange 
zeolites [3]. Recently, SSZ-13 aluminum silicate and SAPO-34 aluminum phosphate 
materials, with a Chabazite (CHA) structure, have been commercialized given their higher 
hydrothermal stability and good performance within diesel engine temperature range 
[36][102][11]. Although normal exhaust temperatures oscillate between 473 – 573 K, 
effective cleaning of Diesel Particle Filter (DPF) can increase exhaust temperatures up to 
873 K cyclically, making hydrothermal stability a crucial constraint for catalytic materials 
like zeolites [3].  
 
It has been argued in SCR literature that SSZ-13 and SAPO-34 possess high hydrothermal 
stability while being able to efficiently remove NOx because of the small-pore channels of 
the Chabazite structures (0.38 nm X 0.38 nm). Fick et al. [14] suggested that species formed 
during hydrothermal aging, e.g. Al(OH)3, would not escape the framework given their 
kinetic diameter of 0.50 nm, preventing the collapse of the CHA structure. Similarly, 
hydrocarbons that inhibit the catalyst would have limited diffusion into the pores. Even the 
shortest chain molecules C3H8 with kinetic diameter of 0.43 nm could not diffuse through 
the pores. Yet for all its benefits, one limitation of the industrial synthesis of the CHA 
structures is the high cost of the Organic Structure Directing Agents (OSDAs) that are used 
to prepare them [26][103]. Therefore, zeolites with small-pore framework and similar 
topologies to CHA have been synthesized successfully using more affordable OSDAs. Two 
of the promising zeolites for the abatement of NOx are RTH and SSZ-39, both of which 
are molecular sieved with 8-member ring (8MR) pores.  
 
RTH is a 2- dimensional-pore zeolite composed of one distorted 8MR facing the c axis 
(0.56 nm X 0.25 nm) and one non-distorted 8MR facing the a axis (0.41 nm X 0.38 nm) 
[13]. Since RTH topology is not formed by stacked sequence of 6MR as in the case of 
CHA, its cage has a different geometry, bigger than the CHA but with lower free volume, 
408 Å   for RTH and 415 Å   for CHA [13]. RTH structure was first synthesized by 
Vortmann et al. [104], as a high-silica borosilicate zeolite with the name of RUB-13. 
However, it was not until Lee and Zones’ patent [105] that the first aluminum silicate with 
67 
 
RTH structures was successfully synthesized. One drawback of their synthesis was that it 
required a noncommercial OSDA, which was overcome in further contributions by using 
diverse OSDAs [106] and even OSDAs-free synthesis methods [107]. Nevertheless, the 
high Si/Al ratio obtained, 187-213, with the methods and OSDAs proposed could obstruct 
SCR applications. However, Schmidt et al. [108] reported a new synthesis method to 
produce aluminosilicate RTH in a wide range of Si/Al ratios, 5-59, using 
pentamethylimidazolium in a fluoride and hydroxide media. It was reported that the RTH 
zeolite showed activity for the MOT reaction and, given their diverse Si/Al ratio, they were 
suggested for NOx reduction, although no kinetic data was presented. 
 
In addition to RTH, SSZ-39 was another promising zeolite for SCR application. SSZ-39 is 
a 3-dimensional-pore aluminosilicate structure composed of 8MR (0.38 nm X 0.38 nm) 
with AEI topology [13]. Similar to CHA, the SSZ-39 zeolite contains a double 6MR with 
a cage of comparable volume. SSZ-39 was first synthesized in 1999 by Zone et al. [109] 
using diverse cyclic  and polycyclic quaternary ammonium OSDAs. Afterwards, Moliner 
et al. [110] successfully synthesized SSZ-39 using sodium silicate and FAU as the Si and 
Al sources, respectively. Additionally, they showed that the Cu-exchanged SSZ-39 was 
active for the reduction of NOx via NH3-SCR, even when hydrothermal aging was done for 
13 hours at 873 K and 1023 K, suggesting Cu-SSZ-39 as a promising replacement for the 
expensive Cu-SSZ-13. Martín et al. [111] optimized the SSZ-39 synthesis by using high-
silica USY zeolite as the only Si and Al source in combination with N,N- dimethyl-3,5-
dimethylpiperidium as the OSDA. They showed that Cu-SSZ-39 was active for NH3-SCR 
before and after hydrothermal aging regardless of the Cu exchanged method used. 
Although the latter study addresses the hydrothermal stability under NH3-SCR conditions, 
fundamental information regarding catalytic activity before and after hydrothermal aging 
could not be obtained, since catalytic studies were done at non-differential conditions.  
 
Overall, novel small-pore zeolites such as SSZ-39 and RTH have been successfully 
synthesized with industry relevant Si/Al ratios, and in some cases Cu has been exchanged 
to test activity for the reduction of NOx via NH3-SCR [110][111]. However, the effect of 
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hydrothermal aging in the modification of Copper active centers and their catalytic activity 
have not been studied. On the other hand, hydrothermal stability studies in small-pore 
zeolites have been traditionally performed in a two-steps approach: characterization and 
catalytic performance before and after hydrothermal aging. Generally it has been used 
XRD, 27Al NMR, and micro pore-volume measurement to study the change of the zeolite 
structure, while light-off curves have been utilized to account for the catalytic performance 
before and after hydrothermal aging [10], [14], [15], [32], [34], [110], [112]–[114]. 
However, recent studies have included kinetic measurements to investigate the effect of 
co-cation exchanged [68] and different Cu/Al ratios on the hydrothermal stability of SSZ-
13 [115].  
 
Hydrothermal stability has often been associated with the resistance towards dealumination, 
which is the loss of the tetrahedral-coordinated Al in the framework and Brønsted acid sites 
[34], [68], [112], [113]. Therefore, shielding of Brønsted acid sites has been suggested in 
order to increase the zeolite stability under hydrothermal conditions [68]. Additionally, the 
decrease in catalytic activity after hydrothermal aging has been assigned to the migration 
and further interaction of multiple active Cu2+ species with extra-framework Al species to 
form inactive CuxO and/or Cu/AlxOy species [10], [15], [34], [112], [116]. Specifically, 
Kim et al., studied the hydrothermal stability as a function of Cu/Al ratios in SSZ-13. They 
suggested that two types of Cu2+ can influence the deactivation of the zeolite: α species 
located in the 6MR, and β species, exchanged after 6MR is saturated, located in the CHA 
cage. While α species will be less mobile, β species will migrate and promote the formation 
CuxO species during hydrothermal aging. CuxO species are assigned to be responsible for 
the loss of catalytic activity and further destruction of the zeolite framework [115].  
 
Altogether, small-pore zeolites RTH and SSZ-39 are promising candidates for reduction of 
NOx using NH3-SCR technology. Yet hydrothermal stability studies are still needed in 
order to understand the change in the framework and the active sites. Traditional 2-step 
approach to study hydrothermal aging process may hinder fundamental information 
regarding the changes in the framework and active sites. In this contribution, a different 
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approach is proposed for studying the hydrothermal stability on SSZ-13, RTH, and SSZ-
39 under NH3-SCR environment at low temperature. Characterization and kinetic studies 
of the different Cu-exchange structure will be divided in four stages: before and after 
standard NH3-SCR on fresh zeolites and before and after standard NH3-SCR on 
hydrothermal-treated zeolites. By means of this four-step approach instead of the usual 
two-stpe approach, a fundamental understanding can be obtained of how SCR gases 
influence the hydrothermal deactivation mechanism in the small pore zeolite frameworks. 
 
4.3 Experimental Methods  
4.3.1 Zeolite Synthesis and Characterization 
The Chabazite structure, SSZ-13, was synthesized using the procedure described by 
Paolucci et al. [45], which is a modification of the original method patented by Zones et al. 
[36]. Specifically, SSZ-13 Si/Al = 15 was synthesized by mixing 28.4 g of TMAdaOH 
(25%, Sachem) with 131.97 g of deionized H2O, 0.866 g of Al(OH)3 (SPI Pharma) and 
34.621 g of NaOH (Mallinckrodt, 3.8%). The mixture was stirred for 15 minutes at room 
temperature, then 10 g of fumed silica (Cabosil M5) were added. Additional stirring was 
performed for 2 hours to homogenize the mixture. The resulting solution was transferred 
to the Teflon liners (Parr Instrument) and heated at 433 K in a rotatory oven for 9 days. 
The as-synthesized zeolite was washed, using water and acetone (99.9 wt%, sigma Aldrich), 
until the pH of the solution reached a value of 8. In order to confirm the crystallinity of the 
as-synthesized SSZ-13 structure, an X-ray diffraction (XRD) pattern was obtained using 
Riguka SmarLab diffractometer with a Cu K radiation source (1.76kW). A diffraction 
pattern range from 4 to 40° was used with a scan rate of 0.12° s-1 and step size of 0.01°.  
 
Once the topology for SSZ-13 was confirmed, a first calcination was done to the as-
synthesized zeolite to eliminate the OSDA. The calcination was performed by flowing 100 
mL min-1 of commercial air (20 % O2/N2, Indiana Oxygen) while increasing the 
temperature from 298 to 873 K ramped at 0.0167 K min-1 and a dwell time of 10 hours.  
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After the calcination, the sodium form of the zeolite (Na-SSZ-13) was exchanged with 
NH3OH in a 0.02 M solution at 353 K for 12 h. This step enables the formation of the 
ammonia form of the SSZ-13 (NH3-SSZ-13), which is further calcine to remove the NH3. 
The calcination parameters described previously for the first calcination were used, except 
for the dwell time that was changed to 6-hours. The resulting acid form of the SSZ-13 (H-
SSZ-13) was exchanged with Cu using a liquid exchange method.  The liquid exchanged 
process was achieved by mixing 1.5 g of H-SSZ-13 sample with 180 mL of 0.02 M 
Cu(NO3)2 solution at 313 K and pH of 5 for 6 hours. Atomic Absorption spectroscopy 
(Perkin-Elmer AAnalyst 300) was used to confirm the Si/Al = 15 and Cu/Al = 0.21 ratio.  
 
RTH Si/Al= 15 zeolite was synthesized, as described by Schmidt et al. [108], using a 
hydroxide-mediated synthesis. Incorporation of Cu was done by a liquid exchange of the 
H-RTH and Cu(NO3)2 solution. Correspondingly, the synthesis procedure for SSZ-39 was 
reported by Dusselier et al. [117]. Both zeolites, RTH and SSZ-39, were kindly provided 
by the Professor Mark E. Davis’s research group from California Institute of Technology 
(CALTECH). However, Atomic Absorption spectroscopy was used to confirm the 
composition of the zeolites Cu-RTH Si/Al = 15 with Cu wt% = 0.7 and Cu-SSZ-39 Si/Al 
= 9.5 with Cu wt% = 1.7.   
 
The following characterization methods were used to analyze the structure changes of the 
fresh zeolites before and after NH3-SCR reaction. Similarly, the following methods were 
used to analyze the aged zeolite before and after NH3-SCR reaction.  
 
X-ray diffraction (XRD).  Powder diffraction patterns for the three zeolites were obtained 
using Riguka SmarLab diffractometer with a Cu K radiation source (1.76kW). The 
diffraction patter ranging from 4 to 40° was used with a scan rate of 0.05° s-1 and a step 
size of 0.01°. The diffraction pattern results were compared with the reference for the RTH, 




Micropore Volume. A Micromeritics ASAP 2020 Surface Area and Porosity Analyzer was 
utilized to generate Ar adsorption isotherms (87 K) and calculate the t-plot pore volume. 
The H-form of the zeolite, with a particle size between 125-250 µm, was used for this 
measurements. Zeolites samples (0.020-0.050 g) were degassed by heating to 393 K with 
a temperature ramping of 0.167 K min-1 and held under vacuum for 2 h. Further heating, to 
623 K at the same temperature ramp, was done and the conditions were held under vacuum 
for 8h. The micropore volume was calculated as describe elsewhere [45] 
 
UV-VIS-NIR Spectroscopy. The UV-VIS spectra were taken under ambient conditions 
using a Varian UV-VIS-NIR spectrophotometer (Cary 5000) with a diffuse reflectance 
accessory, consisting of two ellipsoidal mirrors (Harick Scientific Praying Mantis). BaSO4 
(99.9%, Sigma-Aldrich) was used as a background reference material in order to account 
for the variability of the detector. An ex-situ holder was loaded with 0.1 g of sieved samples, 
with a particle size between 125-250 µm, and the spectra were collected from 7 000 to 50 
000 cm-1 wavenumbers with a scan speed of 2 000 cm-1 min-1. To correct for the light 
absorption by the support, the contribution of the H-form of each zeolite was subtracted 
from the corresponding Cu form spectra.   
 
NH3 TPD. Brøsnted acid sites were measured using the NH3 titration methods described 
by Di Iorio et al. [47]. Specifically, gas-phase NH3 titration was used to quantified the 
H+/Al ratio on the H and Cu form of the zeolites. In a typical procedure, 0.050 g of sieved 
sample particle size 125- 250µm was saturated with 500 ppm of NH3 (3% NH3/He, Praxair) 
at 433 K, with a total flow rate of 350 mL min-1. A flushing step to remove physisorbed 
Lewis acid-bound NH3 was performed using 350 mL min-1 of He (2.5-3.0% H2O/He) for 
8 h at 433 K. Afterwards, NH3-TPD was performed by increasing the temperature to 823 
K ramped at 0.083 K s-1 while flushing 350 mL min-1 of He. NH3 concentration was 
quantified using a Fourier Transform Infrared (FTIR) analyzer (MKS MultigasTM 2030 gas-




27Al MAS NMR. 27Al magic angle spinning nuclear magnetic resonance spectroscopy was 
used to verified and quantified the Al coordination distribution in the zeolites after the 
exposure of every treatment. Spectra were collected on a Chemagnetics CMX400 400 MHz 
spectrophotometer, using a wide-bore 9.4 Telsa magnet from 456 scans with 12.5 µs pulses 
and a 2 s delay, and were measured at 104.24 MHz and MAS rate of 5 kHz. Spectra were 
taken at ambient conditions in fully hydrated samples, using a spectrum of 0.1M Al(NO3)3 
solution as a reference. 
 
Hydrothermal aging. The effect of the emission control system in the diesel engine, was 
simulated by exposing the catalysts to steamed conditions of 10% H2O in air (20% O2 
Balanced with N2) at 1073K ramped at 0.167 K min-1 for 16 h.  A horizontal tube furnace 
at atmospheric pressure was used, loading 0.100 – 0.500 g of sample in ceramic boats 
located in the middle of the tube.        
 
4.3.2 Kinetic  
Catalytic activity of Cu- SSZ-13, Cu-SSZ-39 and Cu-RTH zeolites, to reduce NOx via NH3-
SCR, was measured using kinetic under differential conditions (conversion < 20 %).  A 
bench-top tubular reactor set up, described elsewhere [1], was used to take kinetic 
measurements at 473 K.  Fresh and aged samples of each zeolite were sieved (particle size 
125- 250 µm), and mixed with silica gel (Fisher Chemical), in order to prevent bypassing 
of any reactant mixture. The catalyst loaded into the reactor (0.080-0.200 g) was calcined 
using 20 % O2 (99.5% Indiana Oxygen) balanced with N2 (Boil-off liquid Nitrogen) at 
1500 mL min-1 by increasing the temperature to 673 K at 0.167 K min-1. After calcination, 
standard SCR gases were flown at 473 K until outlet concentration reached a steady state. 
These standard SCR gases consisted of 300 ppm NH3 (3% NH3/Ar, Praxair), 300 ppm NO 
(3.6 % NO/Ar, Praxair), 10 % O2, 3 % H2O (ID water, using humifier Perma Pure MH-
series) and 7 % CO2 (liquid, Indiana Oxygen). The outlet concentrations were measured 
on a Fourier Transform Infrared (FTIR) analyzer (MKS MultigasTM 2030 gas-phase FTIR 
spectrophotometer). Apparent activation energy was measured by constructing the 
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Arrhenius plot, changing the temperature from 443 K to 473 K. Similarly, apparent reaction 
order of the reactants (NH3, NO and O2) were estimated by changing the concentration of 
each gas from 100 ppm to 400 ppm, in the case of NO and NH3, and from 5 % to 15 % for 
O2. The reproducibility of the measurement was corroborated by periodically returning to 
standard SCR conditions at 473 K.  
A power rate law was used to calculate the NH3-SCR reaction rate (Equation 4.1), which 
was normalized by moles of Cu.  
 




    Equation 4.1 
 
4.4 Results 
In order to understand the change in the active species, Cu2+, and the framework of small 
pore zeolite under hydrothermal conditions, a four-steps approach is proposed. This 
approach includes: characterization on fresh zeolites before and after NH3-SCR kinetic 
measurements, and characterization on hydrothermal aging zeolites (aged zeolites) before 
and after NH3-SCR kinetic measurements. Using this approach, the effect of hydrothermal 
aging process and standard NH3-SCR gases on the small pore zeolites RTH, SSZ-13 and 
SSZ-39 were evaluated  
 
4.4.1 Fresh Zeolites: Before and After Standard SCR Reaction.   
XRD patterns were used to corroborate the topology of RTH, SSZ-13 and SSZ-39 
according to their main crystallographic planes [13]. In Figure 4.1, the XRD patterns for 
the three fresh zeolites, before and after standard SCR reaction, are plotted. The diffraction 
patterns for the fresh zeolites reproduce in good agreement the appropriate crystal planes 
for pure phase RTH, AEI and CHA topologies [108][117][1]. After the catalysts were 




On the other hand, residuals H+ counting was measured by NH3-TPD in the H form of the 
zeolites. In the case of SSZ-13 the ratios of H+/Al = 0.95 was measured, indicating that 
almost all the Al in the framework generate a Brønsted acid site. A lower value was 
obtained for SSZ-39 H+/Al = 0.79, which may be the result of the synthesis methods used. 
Even a lower H+/Al count was measured for RTH, H+/Al = 0.6, probably because of NH3 
limitations in reaching inaccessible Brønsted acid sites. While the NH3 kinetic diameter is 
around 2.6 Å [46], the distorted window in RTH zeolite dimension are 5.6 Å X 2.5 Å, 
providing a restriction for NH3 to reach the H+ sites. The decrease in the residual H+ in the 
Cu form of the zeolites is explained by the performing a H+ balanced after Cu is exchanged 
in  RTH and SSZ-39, according to the theoretical prediction of Cu sites proposed for SSZ-
13[1]. Thus, in the case of RTH Si/Al =15 Cu/Al = 0.11 the statistical model predicts that 
Cu/Al = 0.09 fraction will be Cu2+ sites that would be exchanged by taking two H+ per Cu, 
while the remaining 0.02 fraction of Cu would be exchanged by taking one H+ per Cu. In 
total it is predicted that the Cu-exchange process would take a fraction of 0.2 H+ per Al 
which is in very good agreement with the measure of the remaining H+/Al = 0.44 after the 
exchange of Copper. Similar balance can be done for SSZ-39 and SSZ-13, taking into 
account that Cu2+ would populate up to Cu/Al = 0.13 and Cu/Al = 0.09, respectively. The 
predicted ratio of H+/Al exchange by Cu is 0.49 for SSZ-39 and 0.23 for SSZ-13, which 
once more is within the experimental error of the values found using NH3 titration methods, 
presented in table 4.1. When fresh catalysts were exposed to standard NH3-SCR conditions, 
the H+/Al count did not change in any of the zeolites, suggesting the Al coordination 
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Figure 4-1 XRD patterns of fresh zeolites SSZ-13, SSZ-39 and RTH before and after 




Table 4-1 Summary of structural characterization and kinetics measurements for small pore zeolites SSZ-13, SSZ-39 and RTH, 





Vads, micro  
(cm3 g-1) 
Vads, meso  
 (cm3 g-1) 
H+ / Al 
Ratio 
Standard SCR 
Rate (per total 






O2   




H-form  0.18 0.04 0.95      
Cu-form before 0.17 0.05 0.72      
 after 0.17 0.03 0.70 2.7 56 0.4 0.6 -0.5 
Cu-form 
aged 
before 0.15 0.014 0.16      
 after 0.15 0.07 0.14 2.2 51 0.5 0.4 -0.1 
Cu-AEI 
H-form  0.2 0.012 0.79      
Cu-form before 0.19 0.005 0.54      
 after 0.18 0.002 0.50 4.1 46 0.5 0.4 -0.1 
Cu-form 
aged 
before 0.17 0.06 0.16      
 after 0.16 0.021 0.15 1.9 49 0.5 0.4 0.0 
Cu-RTH 
H-form  0.20 0.05 0.60      
Cu-form before 0.17 0.043 0.44      
 after 0.17 0.034 0.39 1.4 28 0.4 0.4 -0.1 
Cu-form 
aged 
before 0.17 0.01 0.07      
 after 0.17 0.01 0.00 n.d.* - - - - 




Finally, catalytic activity of fresh catalysts was measured under differential conditions, by 











Kinetic parameters are presented in table 4.1. According to the results reaction rate per mol 
Cu (TOR) is higher for Cu-SSZ-39 followed, by Cu-SSZ-13 and Cu-RTH, although it 
should be warned that the catalyst compared here may belong to a different catalytic regime, 
given their bulk composition. Thus a direct comparison could not be fair, see chapter 1. 
The Arrhenius plot is shown in figure 4.2 for RTH, SSZ-39 and SSZ-13 catalysts. 
According to the slopes, the apparent activation energy for SSZ-39 (46 ± 5 kJ mol-1) and 
SSZ-13 (56  ± 5 kJ mol-1) are comparable within the error, yet the activation energy is much 
higher than the value for RTH (28 ± 5 kJ mol-1). The apparent activation energy for SSZ-
13 is in good agreement with values reported for samples with low Cu loading, suggesting 
that the catalyst is limited by the oxidation half-cycle of NH3-SCR.(see chapter 1) [1]. To 
the best of our knowledge, in the case of SSZ-39 and RTH, it is the first time that NH3-
SCR kinetic studies have been reported. Therefore, no apparent activation energy have 
been measured [10][11][13][14]. RTH low apparent activation energy can be explained by 
diffusion limitation of SCR gases. RTH is a 2-dimensional pore zeolite with smaller pore 
size than the 3-dimensitonal pore zeolites, SSZ-13 and SSZ-39. This may cause diffusion 
gradients in the pores, reflected by the decrease in the apparent activation energy [118]. 
Apparent reaction orders for all the zeolites are presented in table 4.1. The NO order for 
the three frameworks studied were between 0.4 and 0.5, which represent a lower value 
compared with the NO order in other SCR kinetic studies [1][41]. However, this may be 
explained by the different kinetic regimes of the studied catalysts (see chapter 1). The NH3 
order values were between -0.5 to -0.05, which is consistent with values reported for SSZ-
13 [1]. Although the NH3 order for the SSZ-13 sample is more negative than for the other 
zeolites, which again can be explained by the different kinetic regimes discussed in chapter 
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1 [28]. The O2 order values were between 0.4 to 0.6. This again is in agreement with kinetic 
studies for zeolites with similar Cu loadings (see chapter 1) and some kinetic values 
reported in SCR literature [41]. 
 
 
Figure 4-2 Arrhenius plot of SSZ-13, SSZ-39 and RTH before and after hydrothermal 
aging. The temperature range used for the Arrhenius plot was 433 – 473 K. Standard SCR 
condition was 300 ppm NO, 300 ppm NH3, 3.5 % H2O, 5 % CO2 and 10% of O2 
 
4.4.2 Hydrothermal aging: Fresh vs steamed Zeolites 
The effect of the hydrothermal aging process was simulated by exposing the fresh catalysts 
to a stream of 10 % H2O in air at 1073 K for 16 h. This reproduced the effect of a 135,000 
mile vehicle-aged catalyst [112]. In figure 4.3, the XRD patterns for the steamed and fresh 
samples are presented. It can be seen that the main features in the XRD patterns for the 
fresh zeolites, remained after hydrothermal aging. These results Indicate that the three 
catalyst preserved their crystalline structure even after hydrothermal process. However, 
there is a decreased of 82 %, 68 % and 77 % for the Brønsted acid sites in RTH, SSZ-39 
and SSZ-13, respectively (table 4.1). The reduction of the H+/Al ratio, is in good agreement 
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with the increase of the octahedral coordinated Al measured by27Al MAS NMR, results 
presented in figure 4.4 27Al MAS NMR is used to monitored the change in Al coordination, 
by quantifying the ratio of the intensity feature at ~0 ppm, octahedral coordinated extra-
framework aluminum (EFAl), and ~50-60 ppm, tetrahedral coordinated framework 
Aluminum [112][10][116]. Specifically, the ration of octahedral / tetrahedral Al for fresh 
Cu-RTH is 0.03 which implied that almost all the Al+3 are tetrahedrally coordinated. 
However, after hydrothermal aging the ratio octahedral / tetrahedral increased to 0.3, 
suggesting the change in Al coordination from tetrahedral to octahedral. The same change 
was observed for fresh Cu-SSZ-39 sample, its ratio increased from 0.11 to 0.24 after 
hydrothermal aging. Data for SSZ-13 could not been collected due to insufficient amount 
of sample. Nevertheless, it can be seen that the effect of hydrothermal aging in the fresh 
Cu-RTH, Cu-SSZ-39 and Cu-SSZ-13 samples was the change in Al coordination by a 
possible hydrolysis of Brønsted acid sites.  
 
 
Figure 4-3 XRD pattern of SSZ-13, SSZ-39 and RTH before (intense color) and after (less 
intense color) hydrothermal aging, and after exposure to standard SCR gases (more 
transparent color) 

























Figure 4-4 27Al MAS NMR spectra of SSZ-13, SSZ-39 and RTH before and after 
hydrothermal aging process, 1073 K at 10% of H2O for 16 hours 
Correspondingly, the changes in Cu+2 actives sites was monitored by using UV-Vis 
Spectroscopy. In Figure 4.5 the spectra under ambient conditions are shown for Cu-RTH, 
Cu-SSZ-39 and Cu-SSZ-13 before (fresh) and after hydrothermal aging (steamed). Two 
main features were identified: one at 12 500 cm-1, which has been assigned to d-d transition 
for hydrated Cu+2 [1][57], and other around 42 000 cm-1, assigned to the ligand to metal O 
→Cu charge transfer interaction [53][73].  No change in the intensity of d-d transition 
feature at 12 500 cm-1 was observed in any of the three zeolites after hydrothermal aging, 
suggesting that the state of the Cu+2 and the number of hydrated Cu2+ were not perturbed 

























4.4.3 Steamed Zeolites: Before and After Standard SCR Reaction 
Standard SCR kinetic was performed on steamed RTH, SSZ-39 and SSZ-13 to study the 
catalytic activity on the aged samples and the influence of the SCR gases in the stability of 
the small pore zeolites. figure 4.3 presents the XRD patterns for the three steamed zeolites, 
before and after SCR. Comparison of the patterns before and after SCR reaction show no 
changes in the main features for any of the zeolites, which once more corroborates the 
stability of RTH, SSZ-39 and SSZ-13 frameworks. NH3-TPD results reveal a minor or no 
changes in the H+/Al count for the three zeolites, table 4.1. In the case of RTH, no Brønsted 
acid sites were detected on the steamed sample after SCR. The decreased from 0.07 to 0 
could be explained by the experimental error of the method. Consistently, steamed SSZ-39 
and SSZ-13 after SCR reaction reveal a decrease in H+/Al ratio within the experimental 
error, from 0.16 to 0.15 for the former zeolite and 0.16 to 0.14 for the latter zeolite. Small 
changes in the residual H+ count for the steamed samples after SCR reaction was confirmed 
by the Al coordination of the samples measured by 27Al MAS NMR. While for the steamed 
Cu-RTH sample the Octahedral/tetrahedral Al coordinated ratio of 0.3 did not change after 
standard SCR reaction, the change in the ratio for SSZ-39 decrease around 25 %, from 0.24 






















 Fresh Catalyts 
 Aged Catalyts
SSZ-13 
Figure 4-5 UV-Vis-NIR spectra of fresh (blue lines) and after hydrothermal aging (red 
lines) of SSZ-13, SSZ-39 and RTH catalysts taken at ambient conditions. 
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to 0.18.   The decrease in the ratio for the case of SSZ-39 may suggests the reattachment 
of the extra-framework Al into the zeolite as Al+3 tetrahedrally coordinated [14].  
 
UV-Vis under ambient condition was again used to followed the possible changes of Cu 
species in steamed samples after SCR kinetic. Figure 4.6 , shows the UV-Vis spectra for 
the steamed zeolites before and after SCR. Steamed Cu-RTH and Cu-SSZ-13 spectra show 
a decreased in the d-d transition feature after SCR reaction while increasing in the charge 
transfer regime broad band. The reduction in the d-d transition was estimated to be 50 % 
for the steamed Cu-RTH and 13 % for the steamed Cu-SSZ-13 after SCR reaction. The 
quantification was done by calculating the area under the curve formed by the feature at 12 
500 cm-1 assigned to be hydrated Cu2+. Conversely, steamed Cu-SSZ-39 UV-Vis spectra 
did not suffer any alteration in the d-d transition feature after SCR reaction, which may 
imply that the state of the active Cu+2 was not altered.  
 
Figure 4-6 UV-Vis-NIR spectra of aged SSZ-13, SSZ-39 and RTH before (blue) and after 
(red)exposure to standard SCR conditions at 473 K. Spectra taken at ambient conditions 
 
 






















 Aged before Std. SCR 
 Aged after Std. SCR
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Kinetic measurements for the three zeolites reveal the changes in the SCR active sites after 
hydrothermal aging. The most severe case was measured for Cu-RTH, in which not SCR 
activity was detected. On the other hand, apparent activation energy and apparent reaction 
orders are shown in table 4.1 for Cu-SSZ-13 and Cu-SSZ-39. The associated activation 
energy for the steamed Cu-SSZ-13 was 51 ± 5 kJ mol-1 and 49 ± 5 kJ mol-1 for the steamed 
Cu-SSZ-39, which are very similar, within the experimental error, to the activation energies 
measured for the fresh catalyst. Regarding apparent reaction orders both steamed catalysts 
exhibit the same values for NO and O2 order: 0.5, 0.4 respectively, while NH3 dependence 
was slightly more negative for Cu-SSZ-13, value of -0.1, than the steamed Cu-SSZ-39 with 
a value of 0. The reaction rate per mole of Cu decreased in all catalysts when compared the 
fresh and the steamed samples. The poorest catalytic activity after hydrothermal aging was 
shown by the Cu-RTH with no SCR activity recorded, while the activity for Cu-SSZ-13 
and Cu-SSZ-39 decreased by 20 and 50 % respectively, table 4.1 Implications of the 
change in the Cu and Al state during the different treatments in the decrease in the SCR 
reaction rate would be elaborate in the discussion section.  
 
4.5 Discussion 
4.5.1 Standard NH3-SCR in Fresh Zeolites  
Standard SCR kinetic was used to evaluated the catalytic activity of the three small pore 
zeolites, Cu-RTH, Cu-SSZ-39, and Cu-SSZ-13. From the Arrhenius plot figure 4.2,  it can 
be seen that the apparent activation energy for Cu-SSZ-13 and Cu-SSZ-39 are in the same 
range of previously reported values for Cu-SSZ-13 [1][22], while the activation energy 
value for RTH decrease almost at half of the value compared to the other two zeolites. The 
low value in the activation energy of RTH can be explained by the limitation of the NH3-
SCR reactants to diffuse through the RTH pores system [118]. RTH framework is a 2-
dimensional pore system zeolite with two 8MR pores windows: one distorted with 
dimensions of 5.6 Å X 2.5 Å, and other non-distorted with dimensions of 4.1 Å  X 3.8 Å 
[13]. On the other hand, when kinetic diameter for the SCR reactants are considered, even 
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NH3, with the smallest kinetic diameter of 2.6 Å [46], would have limitations to access the 
distorted-pore window in the RTH zeolite. Effectively, the RTH zeolite with 2-dimensional 
pore system will be reduced to one-dimension pore system under NH3-SCR conditions, 
since reactants such as O2, with kinetic diameter of 3.4 Å, would preferentially access the 
active sites through the non-distorted window. Diffusion limitation problems on small pore 
zeolites with 2-dimensions pore system have been suggested by Fickel et al.[14], in order 
to explain the reduce NOx conversion on Cu-Nu-E (LEV framework) and Cu-Sigma-1 
(DDR framework) compared to Cu-SSZ-13. They argued that the decrease of zeolites 
dimensionality and the difficulty to exchanged Cu could be the reasons for the diminish in 
the SCR catalytic activity. In our case, we had difficulties to Cu-exchange the RTH zeolite 
to a higher exchange levels, even though similar exchange conditions were used 
successfully in SSZ-13 zeolites. Therefore, small pore zeolites with 2-dimensional pore 
system can bring some diffusion limitation constrains, not only to exchange the active 
metal but for the SCR reactants to reach the active sites inside the pore system. It has been 
argued in the SCR literature that the small pore zeolite with 8MR could be potential 
candidates to effectively reduced NOx with high hydrothermal stability [119]. However, 
considerations on the dimensionality of the channel system as well as the sizes of the main 
pore windows are essential factors to validate the application of 8MR zeolites for NOx 
reduction via NH3-SCR technology.   
 
The apparent reaction order and activation energy for SSZ-13 and SSZ-39 suggest that the 
kinetic regimes are similar for the two zeolites. Although the reaction orders could not be 
explained due to the lack of a detailed reaction mechanism, they resemble the reaction 
orders for the parabolic kinetic regime discuss in chapter 2. Nevertheless, it can be 
mentioned, as it was suggested in chapter 2, that Cu-SSZ-13 sample is limited by the 
oxidation half-cycle of the mechanism proposed in our recent work [45]. Thus, considering 
the O2 order for SSZ-39 it seems that the limitation is not as pronounce as in the case of 
Cu-SSZ-13. Additionally, a major inhibition of NH3 could be expected for samples with 
lower Al concentration and low Cu loading as in the case of Cu-SSZ-13 Si/Al = 15 Cu wt% 
= 1.2 with NH3 order of -0.5. While the NH3 inhibition is less for Cu-SSZ-39 (NH3 order 
85 
 
of 0), with a higher Al content Si/Al = 9.5 and higher Cu loading Cu wt % = 1.7, since 
more Cu can be paired to form the dimer site to reoxidize the Cu+1, according to the model 
suggested in [45] a discussed in chapter 2. Taking this different into account the 
comparison of the rates would not be reasonable since both catalysts, SSZ-13 and SSZ-39, 
may belong to different kinetic regimes. 
 
NH3-TPD was used to titrate the acid sites of the zeolites before and after hydrothermal 
aging, although not all of the framework Al could produce a Brønsted acid site, counting 
them could provide a quantitative measurement of dealumination degree of the zeolites. 
Initially, the H-form of the zeolites provide maximum amount of the H+ available to be 
exchanged having H+/Al ratios value of 0.6, 0.79 and 0.95 for H-RTH, H-SSZ-39 and H-
SSZ-13, respectively. The results indicate that for SSZ-13 almost all the Al can generate a 
Brønsted acid site which may suggest that all Al species are within the framework. On the 
other hand, the values for H-SSZ-39 can be explained by the initial fraction of extra 
framework octahedral Al reported in the 27Al MAS NMR results, which could not produce 
H+. On the contrary, the 27Al MAS NMR spectra for H-RTH do not reveal any considerable 
amount of octahedral Al, thus the H+/Al ratio should be higher if all the sites were 
successfully counted by the NH3 molecules. On the contrary, the H+/Al ratio for H-RTH is 
the lowest of the three zeolites. The result can be explained due to the low dimensionality 
of RTH topology compare to SSZ-13 and SSZ-39 zeolites. Besides, the decrease in 
dimensionality, the size of one of the pores (5.2 Å X 2.5 Å) may induce a further restriction 
to the NH3 molecules, with kinetic diameter of 2.6 Å, to reach the H+ sites. On the other 
hand, RTH zeolite has four different T sites where H+ can be generated. Three of them are 
facing either the non-distorted pore window (3.8 Å X 3.8 Å) or the distorted window (5.2 
Å X 2.5 Å), while 1 T-site is hide in the structure where is not facing either of the pore 
windows[13]. Hence, if H+ are generated in the fourth T site, NH3 will not titrate them since 
the T sites will not face any pore channel available for NH3 to flow. Ming et al. [106] 
correlate the Al distribution in RTH framework with the OSDA template used in the 
synthesis process. They found that while bulker OSDA will concentrate more Al in the 
three sides located in the big cage of RTH, smaller OSDA molecules could distribute Al 
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equally in all four T-sites, generating H+ in the inaccessible fourth T-site. Therefore, it 
could not be rule out the generation of H+ on the restricted T-site considering the OSDA 
(pentamethylimidazolium) used in this study for the RTH synthesis[108]. Additionally, it 
should be mentioned that the Cu-exchanged process for the H-RTH was the most 
problematic of the three zeolites. When the same liquid exchange conditions were used for 
SSZ-13 and RTH higher Cu-exchanged level was obtained for the former than the latter. 
The same observation was reported by Fickel et al. when they Cu-exchanged 2-dimension 
pore zeolite Cu-NU-3 (LEV) and Cu-sigma-1 (DDR)[14].  
 
The further decrease in Brønsted acid sites after the Cu-exchange process (table 4.1)  can 
be explained by the balance of sites available and the sites that were occupied by Cu species 
according to the model of maximum isolated Cu+2 proposed by Shane et al. [1]. For 
example, in the case of H-SSZ-13 Si/Al = 15 the model predicts that 0.09 of the Cu fraction 
would be exchanged in the zeolite as isolated Cu+2, replacing two H+ per Cu species, any 
further exchange of Cu will be done as [Cu(OH)-]+, replacing H+ per Cu species [45]. 
Therefore, for the Cu-SSZ-13 the Cu/Al = 0.2 ratio measured by AAS, which implies that 
0.18 H+ per Al would be exchanged by isolated Cu+2 species, and 0.11 H+ per Al would be 
exchanged by [Cu(OH)-]+. According to the model,  a total of 0.29 H+/Al would be 
exchanged by the amount of Cu measured for this sample, which is in good agreement to 
the decrease of H+/Al = 0.23 ± 0.07 measured by NH3-TPD, table 4.1 The same model can 
be used to describe the Cu-SSZ-39 Si/Al = 9.5 Cu/Al = 0.17 results, in which the fraction 
of Cu exchanged as isolated Cu+2 should be 0.13 per Al, any further Cu would be exchange 
as [Cu(OH)-]+. Thus, from the initial H+/Al = 0.79 for the H-SSZ-39, isolated Cu+2 species 
would exchange 0.26 H+ per Al, while [Cu(OH)-]+ would exchange 0.04 H+ per Al for a 
total of H+/Al = 0.49 exchange by Cu species. Once more the model predicts a similar 
fraction, within the error, measured by NH3-TPD, 0.54 ± 0.07. Finally, the decrease of 
H+/Al sites for H-RTH Si/Al = 15 from 0.60 to 0.44 after Cu-exchanged can be explain 
similarly as in SSZ-13. After exchanged 0.11 Cu per Al, the distribution of the Cu would 
be: 0.18 H+/Al exchanged by isolated Cu+2 and 0.02 H+/Al exchanged by [Cu(OH)-]+, for 
a total of 0.2 H+ per Al exchanged by total Cu species, in very good agreement with the 
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H+/Al = 0.16 ± 0.07 measured by NH3-TPD.Consequently, NH3-TPD is a helpful technique 
to estimate the amount of Al in the framework by measuring the Brønsted acid sites. The 
decrease of these sites after the Cu-exchanged of the samples was explained by the 
statistical prediction of exchanged Cu species proposed for SSZ-13 and extrapolated to 
RTH and SSZ-39.  The predicted residual H+ per Al for each zeolite after Cu-exchanged is 
accordance with the values measured using NH3-TPD.  
 
Finally, the characterization results revealed that the structure of fresh zeolites are not 
affected after the SCR kinetic were performed. Specifically, XDR patterns show no 
changes in the reference peaks for each of the zeolites topologies and NH3-TPD results 
revealed not changes in the H+/Al ratios. Although these results were expected, given the 
temperature conditions of the reaction, it was important to have initial characterization 
values and quantified kinetic parameters for promising small-pore zeolites.  
 
4.5.2 Effect of Hydrothermal Aging Process  
The small pore zeolites Cu-RTH, Cu-SSZ-39 and Cu-SSZ-13 were exposed to 
hydrothermal aging conditions, and the evaluation of the structure and catalytic sites were 
performed by studying the state and environment of Al and Cu before and after the aging 
process. Hydrothermal aging process has been shown to have a detrimental effect on the 
zeolite structure crystallinity, especially on the medium and large pore zeolites [3][10][15]. 
The loss of crystallinity after hydrothermal aging have been assigned to the hydrolysis of 
the framework Al, which produce Extra Framework Al species (EFAl) and ultimately the 
collapse of the structure [120][121]. While Al coordination can be monitored using 27Al 
NMR the collapse of the structure can be studied by the XRD patterns.  
XRD patterns for the steamed zeolites Cu-RTH, Cu-SSZ-39 and Cu-SSZ-13 do not show 
any significant changes when compared to the fresh XRD patterns. These observations 
confirm the stability of the small pore zeolites frameworks and are in line with literature 
reported XRD patterns after hydrothermal conditions for the same zeolites [110][16]. 
However, the change in the Al coordination could not be ruled out, even after the structure 
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remain crystalline. Kwak et al.[10], demonstrated that Cu-ZSM-5 and Cu-Beta structure 
remain mainly intact after hydrothermal aging while decreasing the fraction of the 
tetrahedral Al on the framework. They suggested that the Al removed from the framework 
change from 4-coordinated to 6-coordinated Al species that likely interact with Cu. The 
same phenomena has been reported for Cu-SSZ-13, where the Al coordination would 
change even though the structure will remain after hydrothermal aging [112][114][122]. 
 
When contrasting the XRD patterns with the 27Al MAS NMR results for Cu-RTH, Cu-
SSZ-39 and Cu-SSZ-13 it can be seen that the structures remain undamaged after 
hydrothermal aging but some fraction of the Al changed from tetrahedral to octahedral 
coordination. The change in the coordination of the Al can be assessed by the change in 
27Al MAS NMR spectra, specifically by the two peaks assigned to tetrahedral Al at ~50 
ppm and the octahedral Al at ~0 ppm. The increase in octahedral / tetrahedral Al ratio 
indicates that a fraction of Al was removed from the framework and generated EFAl 
species after the zeolites were exposed to steam at high temperature. Similarly, 
experimental results in SCR literature, suggest the transformation of tetrahedral framework 
Al to octahedral EFAl after hydrothermal aging [10][123], although the molecular aspects 
for the formation of EFAl are still under debate [121].  Malola et al. [124] proposed detailed 
reaction steps to describe the dealumination of the H-SSZ-13 using DFT calculations. They 
described the dealumination process as the gradual hydrolysis of the Al-O-Si bonds, which 
was simulated by the attack of one molecule of water at a time. They proposed the 
formation of EFAl species Al(OH)3H2O, although it is mentioned that further water 
addition could generate an octahedral EFAl, as has been experimentally observed in the 
SCR literature and in our results. Therefore, the increase in the octahedral Al coordinated 
species can be explained by the hydrolysis reaction occurring on the Brønsted acid sites, 
generated on tetrahedral Al species. However, according to the XDR patters none of the 
zeolites collapsed after some tetrahedral Al fraction were extracted from the framework. 
The same observation was reported by Fickel et al.[14], suggesting that the EFAl species 
were trapped in the SSZ-13 pores (3.8 Å X 3.8 Å) given their kinetic diameter (5.6 Å). 
They explained the conservation of the structure crystallinity by proposing the 
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reattachment of the EFAl to framework. This argument has been used by other authors to 
explained the high hydrothermal stability of SSZ-13 zeolite [10] [113][116].  
 
When hydrothermal aging process was performed, the Brønsted acid sites decreased for all 
the zeolites by 100%, 77% and 68% for Cu-RTH, Cu-SS-13 and Cu-SSZ-39, respectively. 
The results estimate that the hydrothermal process affects mainly the Cu-RTH zeolite. 
Therefore, the fraction of octahedral Al would increase in a higher proportion compare to 
the other zeolites, as can be corroborated by the 27Al MAS NRM results. The fraction of 
octahedral Al increased almost 90% after the hydrothermal treatment for Cu-RTH while 
for SSZ-39 the increased was estimated to be 54% for and 20 % for SSZ-13. Once more, 
these observations suggest that hydrothermal aging process preferentially react with 
residuals H+ promoting the formation of EFAl, identified by 27Al MAS NRM results. The 
decrease in the amount of Brønsted acid sites has been reported in SCR literature as one of 
the main consequences after hydrothermal aging process, for SSZ-13 zeolite [34], [68], 
[113]. As a result, it has been suggesting the shielding of Brønsted acid sites with co-cation 
[68] and threshold Cu-exchanged ratios [115] in order to increase the stability of the zeolite 
by protecting the H+ to react during hydrothermal conditions. Hence, hydrothermal aging 
process would not affect the state of the metal exchange in the zeolite, as it was confirmed 
by the use of ex-situ UV-vis in Cu-RTH, Cu-SSZ-13 and Cu-SSZ-39. According to our 
results the spectra before and after the hydrothermal aging process for the all the zeolites, 
revealed the same intensity of 12 500 cm-1 d-d transition feature, assigned to belong to 
hydrated Cu2+. An additional absorption band around 42 000 cm-1 did not changed either, 
which implies that the ligand to metal charge transfer state was not affected by the 
hydrothermal aging.  
 
In conclusion, the hydrothermal aging would primarily affect the Al species in the small 
pore zeolites Cu-RTH, Cu-SSZ-39 and Cu-SSZ-13. The high-temperature water would 
react with the residual H+ and transform the tetrahedral Al into Octahedral EFAl. Although 
the fraction of octahedral EFAl would increase, the crystallinity of the structure will not be 
affected since the small pores would restrict the diffusion of big EFAl species, preventing 
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the collapse of the zeolites. On the other hand, the hydrothermal process will not affect the 
state of the Cu exchanged in the zeolites. Thus, it can be speculated that hydrothermal 
process study here, could be considering as an initiation step in the deactivation process of 
zeolites, by modified Al species in the framework.  
 
4.5.3 Standard NH3-SCR on aged Zeolites  
In the last stage of this study, the NH3-SCR activity of the hydrothermally aged zeolites 
was measured alongside the change on the Cu and Al species.  The combination of 27Al 
MAS NMR and the NH3-TPD results provide an accurate representation of the state of Al 
in the framework after standard NH3-SCR reaction was done on aged samples. While the 
fraction of the octahedral/tetrahedral Al ratio did not change in any of the zeolites, the 
available Brønsted acid sites quantification remain the same for the aged samples before 
and after NH3-SCR reaction. That is, the tetrahedral framework Al would not be modified 
to octahedral EFAl species by the SCR gases. However, in the case of Cu-SSZ-39 aged 
sample it seems to be a small increase in the fraction of tetrahedral Al after SCR. Although 
this increase can be attributed to the error of the technique, the reincorporation of the 
octahedral EFAl species is not a unusual phenomenon in zeolites [14][125][126]. Therefore, 
it is suggested that the SCR gases may contribute to the reinsertion of the EFAl, trap in the 
small pores of the SSZ-39. Fickel et al. [14] proposed the reinsertion of the Al(OH)3 on 
SSZ-13 framework to explain the stability of the small pore zeolite. On the other hand, the 
fraction of Brønsted acid sites on the aged RTH, SSZ-13 and SSZ-39 was unaltered after 
standard NH3-SCR reaction. This implies that standard NH3-SCR environment at 473 K 
would be less detrimental to acid sites than the hydrothermal aging process.  
 
The distinction between these two treatments effects is crucial to elucidate the mechanism 
of the zeolite deactivation during the high temperature period in the diesel engine. While 
hydrothermal aging process can modify the Al species leaving intact the Cu species, 
standard NH3-SCR gases at 473 K on aged samples may modified the Cu species and do 
not change Al species. The alteration of Cu species can be seen by analyzing the ex-situ 
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UV-Vis spectra. Cu-RTH and Cu-SSZ-13 spectra of aged sample after standard NH3-SCR 
show a decrease in the absorption band at 12 000 cm-1, assigned to hydrated Cu+2, while 
the charge transfer region increased in a convoluted single peak, figure 4.6 These results 
indicate that the promoter of active species, hydrated Cu+2 [1], have been modified to 
become Cu species with absorption bands convoluted in the charge transfer region, 
suggested in literature to be Cu oxides compounds [73][127].  
 
The modification of hydrated Cu2+ to become a CuxOy type of species can be understood 
as the product of two-step interaction. First, during hydrothermal aging process the 
modification of tetrahedral Al would generate octahedral EFAl, which could not escape 
through the pores, thus staying into the cage but as extra lattice species. These species were 
identified to be present in all the zeolites, by combining the 27Al MAS NMR spectra and 
the NH3-TPD results. Finally, after the formation of the octahedral EFAl, the standard SCR 
gases, specially NH3, would make the Cu species mobile [22], [45], [65] into the pores 
promoting the interaction of the EFAl species and the active Cu species. As a result, some 
of those interactions would result in an inactive CuAlxOy phase which exhibit absorption 
bands on the charge transfer region under UV-Vis spectroscopy. The use of SCR gases to 
mobilize Cu into the framework of zeolites is not a new concept, on the contrary is the 
principle for the solid-state exchanged of metals ions into zeolites, proposed by some 
researcher [128]. Shwan et al. [98] demonstrate the mobility of the Cu by exchanging active 
SCR Cu species into different zeolites topologies using solid state technique. They 
exchanged the Cu by combined physical mixture of Cu oxides with MFI, BEA and CHA 
zeolites exposing them to the mixture to NO, O2, NH3 and H2O gases at 250 °C. Cu diamine 
 [   (   ) ]
  complex was proposed to mobilize the Cu throughout the pore system, as 
it has been suggested in our recent work to explain the NH3-SCR mechanism [41]. Two 
main aspects from Shwan et al. contribution are relevant to explain our results: The Cu 
species that were exchanged in SSZ-13 zeolite and the low temperature NH3-SCR 
conditions used for the exchanged process. First, they demonstrated that standard NH3-
SCR gases at low temperature induce the mobility of the Cu in physical mixtures, implying 
that the same phenomena can occur in liquid-exchanged zeolites, where the Cu is already 
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into the framework. Second, according to their Rietveld results,    
     species were 
exchanged during the solid state process, probably causing the loss of NH3-SCR activity 
below 723 K that they reported for Cu-SSZ-13. This demonstrated that although the ion 
exchanged can be accomplished by Cu mobility, the Cu-exchanged species may not be 
active for standard NH3-SCR. Therefore, providing that after hydrothermal aging the 
fraction of EFAl increased in our samples, it is reasonable to suggest that the interaction of 
Cu with the EFAl could result in inactive phase like CuAlxOy [34][115][129], with charge 
transfer absorption band in the UV-Vis spectra. 
 
Kinetic results for the aged Cu-RTH, Cu-SSZ-39 and Cu-SSZ-13 demonstrate that the SCR 
activity for all of the small pore zeolite diminished compare with the fresh zeolite. The 
most affected zeolite is the Cu-RTH with a complete reduction of SCR activity at 473 K. 
The UV-Vis spectra for aged Cu-RTH, reveal that only a fraction of the active Cu+2 was 
converted to inactive CuAlxOy phase, thus it would be expected that the remaining Cu+2 
would be able to performed SCR. However, given the topology of this zeolites with only 
2-dimension pore system, it is possible that the new inactive phase CuAlxOy could block 
the pores for the SCR gases to reach the active Cu+2 active centers, as it was suggested for 
other 2-dimensional zeolites [14]. This information can be coupled to the increase of the 
mesopore volume to confirm the change of the Cu speciation in the RTH zeolite. Similarly, 
the decrease in the NH3-SCR reaction rate for aged Cu-SSZ-13 can be explained by the 
reduction of the d-d transition band assigned to hydrated Cu2+. That is, the active Cu centers 
were modified to inactive species in a process that involve the interaction of EFAl species 
and [   (   ) ]
  species. Finally, the kinetic result from the SSZ-39 indicates that 
although the SCR mechanism is the same for the aged and the fresh sample, the catalytic 
activity decreased by 50% after the hydrothermal aging. UV-Vis spectrum for SSZ-39 does 
not seem to provide evidence of the decrease of hydrated Cu2+, nonetheless there is a subtle 
increase in the charge transfer regime region indicating that Cu clusters could have formed.  
Taking the characterization and kinetic results into account, it can be said that standard 
NH3-SCR reaction, on aged zeolites, would modified some fraction of the active Cu2+, by 
mobilizing the Cu and facilitating the interaction with the EFAl species, formed in the 
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hydrothermal aging process. The interaction between the Cu and EFAl would modify some 
fraction of the active Cu species by producing an SCR inactive CuAlxOy phase, which 
eventually could block or destruct the zeolite framework.  
 
4.6 Conclusions  
Hydrothermal stability and NH3-SCR activity were studied on three different small pore 
zeolite: Cu-RTH (RTH), Cu-SSZ-39 (AEI) and Cu-SSZ-13 (Chabazite). Characterization 
of the Al and Cu species were performed on fresh and aged samples before and after SCR 
kinetic. The stepwise approach used in this study unveils the influence of hydrothermal 
aging process and NH3-SCR gases on the framework and active sites of the zeolites. SCR 
kinetic on the fresh zeolites highlights diffusion limitation problems on the 2-dimension 
RTH topology, but not in the 3-dimension SSZ-13 and SSZ-39. Contrasting the dimension 
of the RTH pore windows with the measured apparent activation energy, it is evident that 
the NH3-SCR gases would be restricted to reach the Cu active species.  Therefore, 
dimensionality should be an important criterion when small pore (8MR) zeolites are 
considered as a promising NH3-SCR catalyst. 
 
NH3 titration technique was used to quantify the Brønsted acid sites available on the H and 
Cu-form of the zeolites. The statistical calculation model of the maximum amount of Cu+2 
proposed for SSZ-13 [1] was used to explain the speciation of Cu on RTH and SSZ-39. In 
the case of Cu-RTH and Cu-SSZ-39 almost all the Cu was exchanged as isolated Cu+2 
while for Cu-SSZ-13 half of the Cu was exchanged as [Cu(OH)-]+ which was in agreement 
with the NH3 titration results.  
 
The hydrothermal aging process did not affect the crystallinity of the zeolites, however, it 
caused the reduction of Brønsted acid sites and the generation of EFAl species by the 
hydrolysis of the residual H+. Although the molecular details of hydrolysis reaction are not 
understood, our 27Al MAS NMR combining with the Brønsted acid sites quantification 
ratified the transformation of framework tetrahedral Al to Octahedral EFAl. The 
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confinement of this EFAl species in the framework pore system could explain the structure 
stability after the steaming process. Ex-situ UV-VIS spectroscopy confirmed that 
hydrothermal aging process did not alter the Cu species even when Al was highly impacted.  
 
SCR kinetic and UV-VIS spectroscopy on aged zeolites suggested the transformation of a 
fraction of the active precursor, hydrated Cu2+ species, to form an inactive Cu species, e.g. 
CuAlxOy. The formation of this inactive species is a two-step process that may explain the 
role of SCR gases in the deactivation of Cu-exchanged zeolites under hydrothermal 
conditions. Initially, the high water content at high temperature would hydrolyze non-
exchanged Brønsted acid sites while leaving intact the Cu ions already exchanged. The 
hydrolysis would remove Al species from the framework creating EFAl that would remain 
in the framework unable to diffuse out through the small pore of the 8MR zeolites RTH, 
SSZ-39, and SSZ-13. When the aged zeolites are exposed to NH3-SCR gases Cu species 
will become mobile, presumably as a Cu diamine species, reaching the EFAl species and 
creating inactive Cu clusters that eventually could block or destroy the framework. These 
results imply that the hydrothermal aging conditions used in this study are not the only 
factor for NH3-SCR deactivation of the small pore zeolite. It is required the simultaneous 
interaction of EFAl, created by the hydrolysis of available Brønsted acid sites, and Cu 
species that become mobile by the SCR gases, mainly NH3.  
 
These findings may suggest that one effective approach to preventing dealumination of the 
zeolites could be the shielding of the Brønsted acid sites, which can be done either by the 
exchange of more Cu species or additional exchange of different cation into the framework. 
Finally, the approach used in this study to investigate hydrothermal stability on small pore 
zeolites provides insight on the state of the Al and Cu with respect to the conditions to 





CHAPTER 5. CONCLUSION 
Structure and activity relationship of Cu-exchanged SSZ-13 catalyst for standard NH3-SCR 
and catalytic NO oxidation reactions were used throughout this work to gain insight into 
active sites, hydrothermal stability and reaction mechanisms. Using kinetic studies and 
multiple characterization techniques two different Cu ion configuration were found to be 
equally active for standard NH3-SCR at 473 K (Chapter 2). First, an isolated Cu2+ species 
stabilized by two Al sites on the 6MR in the SSZ-13 zeolite. After the 6MR is saturated, a 
second configuration, [Cu(OH)-]+, is stabilized by one Al site. Experimental and theoretical 
results provide a robust framework to proposed a Cu speciation model for SSZ-13 as a 
function of the zeolite bulk composition. On the other hand, results from this work reveal 
at least two different kinetic regimes at standard NH3-SCR at 473 K conditions: One 
limiting by the oxidation half-cycle and the other by the reduction half-cycle. These 
regimes were found to depend on the gas concentration and the Al and Cu composition on 
the SSZ-13 zeolite (Chapter 2). Additionally, a second-order dependence of NH3-SCR 
rates and Cu loading, suggest that Cu dimer species are involved in the oxidation step of 
the redox cycle. It is suggested that solvation of Cu+ ions in NH3, will promote the mobility 
and further interaction with O2 to formed the dimer species while promoting the oxidation 
of Cu. 
 
Interaction of [Cu(OH)-]+ under dry O2 conditions at high temperature, promote the 
formation of static dimers, which were found to catalyze NO oxidation under dry 
conditions (Chapter 3). Dry NO oxidation kinetic parameters suggest that the NO is 
oxidized by dimers using similar reaction steps proposed previously in our group, 
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although the dimers found in this study are unstable under hydrated conditions not stable 
Cu oligomers sites formerly suggested. Therefore, it is speculated that SSZ-13 zeolites with 
[Cu(OH)-]+ species exchanged in the framework could promote the formation of active 
sites for non-selective oxidations reactions during NH3-SCR at high temperatures. 
Deconvolution of the Cu-SSZ-13 UV-Vis spectra was done by selectively site synthesis 
and confirmed by preliminary ab initio molecular dynamics simulation (Chapter 3). While 
[Cu(OH)-]+ species exhibit three different absorption bands namely, 11 200 cm-1, 13 600 
cm-1, 16 500 cm-1, on the d-d transition after O2 activation, isolated Cu2+ species display a 
unique absorption band 12 500 cm-1. Likewise, the structure of Cu dimers was assigned to 
be (µ-ƞ2: ƞ2-peroxo)-dicopper with a characteristic absorption band center at 19 700 cm-1. 
However, it is proposed to conduct more sensitive spectroscopic techniques such as Raman, 
in order corroborate the suggestion made in this work. 
 
On the other hand, a stepwise approach is proposed to evaluate the activity and 
hydrothermal stability of the small pore (8MR) zeolites at standard NH3-SCR conditions 
(Chapter 4).  By studying the catalyst systematically, it was observed that the hydrothermal 
aging process would preferentially alter Al from the framework, while SCR gases at 473 
K, would mobilize active Cu sites that can be deactivated by interaction with extra 
framework Al species. This work highlights the high hydrothermal stability of three 
different small pore zeolite SSZ-13, SSZ-39 and RTH while report for the first time kinetic 
studies to compare the intrinsic catalytic behavior. The results suggest that dimensionality 
of the small pore (8MR) zeolites influences the catalytic behavior by limiting the diffusion 
of NH3-SCR gases into the framework. Therefore, this parameter should be considered for 
potential replacement of the commercial SSZ-13 zeolite.
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Appendix A Appendix for Chapter 2  
 








Table A 1 Zeolite composition and micropore volume for SSZ-13, ZSM-5 and BEA 
topologies 
Copper weight % Si/Al atomic ration Cu/Al atomic ration Micropore Volume 
            SSZ-13 
0 14.9 0 0.18 
0.18 14.9 0.027 - 
0.51 14.9 0.09 - 
0.69 14.9 0.12 - 
1.25 14.9 0.21 - 
0 13.8 0 0.18 
2.44 13.8 0.37 - 
2.8 13.8 0.42  
2.9 13.8 0.44 - 
0 15 0 0.17 
0.8 15 0.12 - 
1.7 15 0.24 - 
             BEA 
0 13 0 0.21 
0.5 13 0.068 - 
1.9 13 0.26 - 
2.6 13 0.35 - 
             ZSM-5 
0 13 0 0.14 
0.43 13 0.06 - 
0.99 13 0.11 - 
1.69 13 0.24 - 
1.9 13 0.27 - 
2.73 13 0.37 - 









Table A 2 Residual H+ per total Al available from NH3 titration methods H+/Al ratio 
Cu-SSZ13 Si/Al = 15 ( Cu/Al) H+:Al 































0.00215 0.00220 0.00225 0.00230


































Table A 3 Summary of kinetic parameter collected on SSZ-13 Si/Al = 4.5 [1] and 25 





( kJ mol-1)a 
Rate 







SSZ-13 Si/Al = 4.5c  
0.31 0.02 42 20 0.7 -0.2 0.5 
0.82 0.04 68 170 0.7 0 0.5 
1.74 0.09 64 200 0.8 0 0.3 
3.04 0.16 70 300 0.8 -0.1 0.32 
3.75 0.2 71 380 0.9 0 0.3 
SSZ-13 Si/Al = 25d 
0.2 0.06 42 1.5 0.4 -0.4 0.9 
0.8 0.2 60 25 0.4 -0.6 0.8 
1.6 0.41 54 81 0.5 -0.3 0.5 
a Associated error ± 5 k J mol-1 
b Associated error ± 1 
c  Data taken by previous members of the group [1] 


















Figure A 4 Arrhenius plot of Cu-SSZ-13 Si/Al = 15 Cu/Al = 0.12 taken at standard SCR 
conditions 300 ppm NO, 300 ppm NH3, 3.5 H2O, 5 % CO2 and 10 % O2 (blue squares) 
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 order = -0.3
Figure A 5 Apparent reaction order of Cu-SSZ-13 Si/Al =1 5 Cu/Al = 0.12, NH3 order 
(right) and NO order (left). Kinetics measurements were taken changing the NO and NH3 
concentration while having standard SCR conditions, 3.5 H2O, 5 % CO2 and 10 % O2 






Figure A 6 XANES spectra for Cu-SSZ-13 Si/AL =15 samples in the parabolic regime 
Cu/Al =0.09 and Cu/Al = 0.12 and linear regime Cu/Al = 0.44. The spectra were taken at 
Standard SCR conditions 300 ppm NO, 300 ppm NH3, 3.5 H2O, 5 % CO2 and 10 % O2 









































Table A 4 Quantification of fraction of Cu at standard SCR conditions at 473 K from the 
figure A.6 data. The quantification was done by fitting the data to the Cu+ and Cu2+ 






Figure A 7 Standard SCR rates at 473 of SSZ-13 zeolites with Si/Al 4.5 [1], Si/Al =15 and 
Si/Al =25 (courtesy of Ishant Khurana). Parabolic regime is extended to higher values of 





































 SSZ-13 Si/Al = 4.5
 SSZ-13 Si/Al = 15
 SSZ-13 Si/Al = 25
Cu-SSZ-13 Si/Al = 15  Fraction of Cu+ Fraction of Cu2+ 
Cu/Al = 0.09 (Cu wt % = 0.5) 0.96 0.04 
Cu/Al = 0.12 (Cu wt % = 0.8) 0.75 0.25 





Table A 5. Cu fraction under standard SCR at 10 % and 60 % O2 for SSZ-13 Si/Al 15 Cu/Al 
0.12 with isolated Al in the framework. The quantification was done by linear combination 
of XANES reference for isolated Cu(I) and isolated Cu(II) used previously in our group 
[1].  
 
 Std. SCR Rate / 10-8 mol NO g-1 s-1 at 473 K 
Bench PFR reactor Operando reactor 
SCR @ 10% O2 39 47.1 
SCR @ 60% O2 70 76.3 
 
 
Figure A 8 XANES spectra taken at standard SCR conditions at 10 % and 60 % of O2 at 
473 K for for SSZ-13 Si/Al 15 Cu/Al 0.12 with isolated Al in the framework.   
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Appendix B Appendix for Chapter 3 
 
Figure B 1 Correlation between the normalized signal m/z = 44 detected by Agilent 5975C 
mass selective detector (MSD) and the among of CO2 added into Micromeritics AutoChem 
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Figure B 3 XRD pattern of H-SSZ-13 Si/Al = 75 
 
Figure B 4 UV-Vis spectra of SSZ-13 samples after O2 activation. Spectra taken at room 
temperature for SSZ-13 Si/Al =25 Cu/Al = 0.05 (black) and SSZ-13 Si/Al = 15 Cu/Al = 
0.12 
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Figure B 5 ab initio Molecular Dynamics simulations to compute the UV-Vis spectra for 
[Cu-OH]+ (left) and Experimental in situ UV-Vis spectra for O2-activated Cu-SSZ-13 Si/Al 
= 75 Cu/Al = 0.15 after CO reduction at 250 C (Right). [Cu-OH]+ sites remain after CO 
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CO reduction at 250 C on Cu-SSZ-13 Si/Al = 75 Cu/Al =0.15
Figure B 7 UV-Vis spectra of SSZ-13 catalyst active for NO oxidation and with [Cu-OH]+ 
species exchanged on the framework. The spectra were taken after O2 activation 
Figure B 6 CO reduction of Cu-SSZ-13 Si/Al = 75 Cu/Al = 0.15. After O2 activation the 
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